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Abstract 
The marshland upwelling system (MUS) serves as an alternative onsite method for the treatment 
of domestic wastewater derived from coastal communities.  Previous studies on the MUS have focused on 
the efficacy of the system for the removal of fecal pathogens from settled and secondarily-treated 
wastewater sources.  The objectives of this research were to: 1) characterize the extent of wastewater 
migration within the MUS, 2) evaluate the effectiveness of the MUS in removing fecal bacteria, 3) identify 
the mechanisms responsible for fecal coliform retention within the subsurface, and 4) describe the transport 
of fecal coliforms in a sand media based on the advection-dispersion equation. 
Rhodamine Water Tracer (RWT) was selected for use in characterizing the migration of 
wastewater within the marsh subsurface.  Its strong color and ease of detection in field scenarios enabled 
RWT to be an effective tracer for the identification of wastewater pathways within the MUS subsurface.  
However, the non-conservative nature of RWT (demonstrated in laboratory studies) prevented accurate 
quantification of wastewater retention times and subsequent average velocities within the system.   
Intermittent injection of wastewater at a flowrate of 2.8 L/min and an injection frequency of 30 
minutes every three hours demonstrated effective fecal coliform removal without sacrificing system 
integrity.  At this flowrate, mean influent fecal coliform concentrations of 62,000 ± 101,000 colonies per 
100mL were reduced to 2.7 ± 0.9 colonies per 100mL in the 1.5 m deep monitoring wells.  Greatest 
removal of fecal bacteria was observed in the vicinity of the injection well where accumulation of injected 
solids and biofilm development were suspected to improve filtration.  
Continuous input laboratory studies (simulating the injection phase of the MUS) were performed 
to quantify the level of bacterial retardation in a sand media.  Bacterial retardation factors ranged from 2.59 
to 3.56 with respect to the conservative wastewater solution.  Higher clay content and greater biofilm 
development would likely result in higher bacterial retardation within the field MUS.  Accurate 
mathematical description of bacterial transport within the MUS would require additional research focusing 
on the transport potential of bacteria during the resting phase of the system. 
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Chapter 1: Global Introduction 
The decline in coastal water quality from the disposal of poorly treated domestic wastewater is a 
growing concern across the nation.  Coastal regions provide endless economic and recreational benefits on 
a local, state-wide, and national scale.  Approximately 53% of the United States’ population reside in 
coastal regions. It is predicted that by 2015, the coastal population will reach approximately 165 million, 
increasing by 3,600 people per day (NOAA, 1998).  The 142 coastal counties that border the Gulf of 
Mexico account for 12% of the total coastal population and are expected to increase by about one-third by 
2015 (NOAA, 1998).  Often, these communities and individual dwellings are located in areas where access 
to centralized treatment is not feasible due to limited hydraulic gradient, high water table, and scattered 
locations of dwellings. 
Conventional onsite systems, when properly operated and maintained, can provide effective 
treatment of domestic wastewater.  Systems such as septic tanks and soil absorption fields are among the 
most common methods employed.  In fact, approximately 1/5 of the United States’ population use septic 
systems as a means of domestic wastewater treatment (Scandura and Sobsey, 1997).  Septic systems are 
typically composed of two individual units, the septic tank and the absorption field.  The septic tank serves 
as a means of primary solids removal by sedimentation and typically operates under anaerobic conditions.  
Minimal reductions in fecal bacteria populations occur within the septic tank.  Ziebell et al. (1974) 
observed a mean fecal population density of 4.2 x 105 per 100 ml in the effluent of five separate septic 
tanks.  The major reduction of fecal bacteria occurs within the absorption field, where bacteria are retained 
within the media by filtration mechanisms (Hagedorn et al., 1981).  Studies by Brown et al. (1979) reported 
limited migration of fecal coliforms (< 120 cm) below a septic tile leachfield.   
All too often, septic systems and other onsite wastewater treatment methods are improperly 
maintained or utilized in conditions that can hinder treatment performance and decrease effluent quality.  
Improper siting and maintenance has led septic systems to be ranked as the third most common source of 
groundwater contamination (USEPA, 1996).  A 1990 survey conducted by the Louisiana Department of 
Health and Hospitals (LDHH) Oyster Water Monitoring Program revealed that approximately 46% of the 
camps and 42% of the residences within a section of the Barataria-Terrebonne National Estuary 
experienced sewage discharge violations.  Such violations included raw sewage (blackwater) discharge or 
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washwater (greywater) discharge, onsite treatment system failure, or insufficient or no treatment system 
(Kilgen and Kilgen, 1990).  On a national scale, between 20 to 30% of all existing onsite wastewater 
treatment systems designed for single-family use fail during their design life.  In 1993, the total number of 
reported onsite treatment system failures across the United States was 90,632 (NSFC, 1996).   
System failure can occur as a result of a high groundwater table, poor soil conditions, and/or 
influent flows exceeding the adsorptive capacity of the soil.  High groundwater tables and tidal patterns 
common to coastal regions can cause effluent ponding at the surface of absorption fields and lead to the 
transport of fecal pathogens to nearby water bodies by overland flow (USEPA, 1999a).  A 1984 United 
States Department of Agriculture (USDA) soil survey of the Lafourche Parish in Louisiana indicated severe 
limitations with the implementation of septic systems in saturated coastal soils.  Coastal soils along the 
Gulf of Mexico generally have a high clay content, which renders absorption fields ineffective due to 
inadequate water conductivity (Battelle, 1999).  Potential repercussions of malfunctioning onsite systems 
are generally linked to health concerns and economic loss.  It is estimated that 168,000 viral and 34,000 
bacterial illnesses occur each year as a result of water consumption from contaminated groundwater well 
sources (USEPA, 2000a). Onsite septic systems were also identified as a contributing factor to the 
increased number of shellfish harvesting sites that have been closed due to fecal coliform counts exceeding 
regulatory limits (NOAA, 1997).  The shellfish harvesting industry is a significant source of economic 
revenue for many coastal states.   
In response to growing coastal water quality concerns, the marshland upwelling system (MUS) 
was developed to provide an adaptable and cost-effective means of reducing coastal water contamination 
caused by inadequate or poorly operated conventional onsite systems.  The main advantage of the MUS 
over conventional systems is its ability to operate in saturated soil conditions.  Operation of the MUS is 
dependent on two factors: 1) the saline groundwater and 2) the filtration properties of the native soil matrix.  
In essence, the MUS serves as a natural upflow filtration system.  Domestic wastewater (black and grey) 
derived from coastal residences is intermittently injected into the marsh subsurface via a shallow injection 
well.  Intermittent injection allows for dissipation of pressure that accumulates in the subsurface during 
wastewater injection.  During an injection cycle, wastewater is directed radially from the base of the 
injection well by pump-driven forces.  Once injection has ceased, the wastewater plume is subject to 
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buoyancy forces derived from the density difference between the wastewater and the native saline 
groundwater (Figure 1.1).  Changes in background saline concentrations can alter the density-dependent 
transport of the injected wastewater.  Periods of low background salinity would encourage more lateral 
wastewater transport whereas higher salinity concentrations would support a more vertical transport 
pathway from the injection well (Watson Jr., 2000; Hickey, 1984).  As wastewater percolates upwards, 
solids, nutrients, and bacteria contained in the injected wastewater are retained within the soil matrix.  
Ultimately, chemical and biological reactions degrade and/or transform the contents of the wastewater, 
creating effluent water of improved quality.   
1.5 m
2.3 m
3.0 m
3.8 m
Monitoring
Wells
Injection
Well
Freshwater
Plume Saline
Groundwater
Wastewater
from Camps
and Restroom
Holding
Tank 2
Pump
 
Figure 1.1 – The experimental marshland upwelling system consists of an injection well surrounded by a 
series of monitoring wells, positioned at various depths. 
 
Shallow injection of wastewater into the marsh subsurface does not pose drinking water quality 
concerns since the resident saline water is not a potable water source.  However, effluent from the MUS 
must meet the regulatory standards associated with a given water body’s designation. The current MUS is 
housed in the Grand Bay National Estuarine Research Reserve in Moss Point, Mississippi. Table 1.1 
presents the state of Mississippi’s water quality criteria for fecal coliform bacteria for varying water body 
classifications (MDEQ, 1995).   
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Table 1.1 – Mississippi Water Quality Criteria for Fecal Coliform Bacteria (after MDEQ, 1995) 
Water 
Classification 
Description FC Limit 
(col./100mL) 
Additional Criteria 
Public Water 
Supply 
Raw water supply for drinking and 
food purposes 
200 a 10% of samples/month shall 
not exceed 400 col./100mL 
Shellfish 
Harvesting 
Waters used for harvesting shellfish 
for sale or use as a food product 
14 b 10% of samples shall not 
exceed 43 col./100mL 
Recreation Primary contact waters used for 
recreational purposes (e.g. swimming) 
200 a 10% of samples/month shall 
not exceed 400 col./100mL 
Fish and 
Wildlife c 
Water used for propagation of fish, 
aquatic life, and wildlife 
200 a 10% of samples/month shall 
not exceed 400 col./100mL 
a Geometric mean 
b Median value 
c Applicable to secondary contact recreational waters 
 
1.1 MUS Field Site Description 
Selection of the Moss Point MUS field site was based on 1) camp usage patterns, 2) the volumes 
of wastewater produced, and 3) the suitability of the marsh media for wastewater injection.  The site 
consists of two private camps and a public restroom (Figure 1.2).  Camp 2 sees limited use on an annual 
basis while Camp 1 is permanently occupied.  Concerns that the camps alone may not provide an adequate 
supply of wastewater for effective system evaluation resulted in the inclusion of the public restroom to the 
system.  The restroom sees intermittent use throughout the year with its highest activity occurring on 
weekends during the spring and summer months.  The raw wastewater derived from the two private camps 
and public restroom is a combination of black and greywater.   
The locations of the camps and public restroom with respect to the injection site posed a unique 
wastewater storage and transport problem.  With Camp 1 and the restroom located over 122 m from the 
second camp, a separate holding tank was installed to temporarily store wastewater derived from Camp 1 
and the restroom.  A 208-L polyethylene holding tank (Tank 1) (Polytank, Inc.; Model # PT304) was 
buried approximately 0.3 m below ground surface (bgs) and secured with a 508 kg concrete collar to 
prevent flotation of the tank during periods of high groundwater levels.  Standard 7.6 cm diameter schedule 
40 polyvinyl chloride (PVC) pipe was used to connect Camp 1 and the restroom to the buried holding tank.  
The holding tank served as a means of primary solids removal.  Due to the limited capacity of the tank, it 
was expected that wastewater residence times within the holding tank were relatively short (< 1 day) during 
periods of high activity.  A second 1,325 L holding tank (Tank 2) (Polytank, Inc.; Model # PT238), located 
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adjacent to Camp 2, was installed to serve as the main wastewater storage vessel prior to injection into the 
marsh subsurface.  The two holding tanks were connected by a buried 5.1 cm diameter PVC line.  A 
submersible pump (1/2 hp) (Grainger, Inc.; Model # 4RK59) positioned within Tank 1 pumped wastewater 
derived from Camp 1 and the restroom to the main holding tank (Tank 2) where it was combined with 
Camp 2 wastewater.  Extended wastewater storage within the main holding tank enabled additional solids 
separation from the bulk solution.  To prevent large solids from entering the injection line, a standpipe was 
installed at the effluent end of the tank.  Wastewater was drawn from the main holding tank by a low flow 
(3.6 – 5.5 L/min), high pressure (276 kPa) cavity pump (1/8 hp) (Cole Parmer, Inc.; Model # U-74500-16) 
and transported to the injection site through a standard 1.9 cm diameter PVC line.  A bypass line from the 
main injection line and a series of ball valves were used to control the wastewater flowrate, while a timer 
and float switch governed the frequency of wastewater injection.  A water meter (Aquatic Ecosystems, Inc., 
Model # FM2) was installed in the injection line to enable documentation of the cumulative wastewater 
volumes injected as well as confirmation of the injection flowrate.  Injection flowrates and frequencies used 
for the Moss Point MUS are further discussed in Chapter 3. 
2
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Figure 1.2 – Wastewater from Camp 1, Camp 2, and the public restroom (PR) are collected and transported 
to the injection site (X) via a series of holding tanks and buried PVC lines.    
 
The experimental MUS consists of one 3.8 m deep injection well surrounded by 21 nested 
monitoring wells at depths of 1.5, 2.3, and 3.0 m (Figure 1.3). The monitoring wells are positioned radially 
around the injection well with each well nest consisting of two monitoring wells at various depth 
combinations. The inner most ring of wells (Wells A-H) are located approximately 1.2 m from the injection 
well.  The outer ring of wells (Wells I-P) extends approximately 2.4 m from the injection well.  Additional 
monitoring wells (Wells Q-U) were installed in response to suspected wastewater plume expansion beyond 
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the outer wells.  These five wells are positioned 6.1 – 6.9 m from the injection well in the direction of local 
groundwater flow. 
N
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Figure 1.3 – The MUS consists of one injection well (?) and 38 monitoring wells at depths of 1.5 m (?), 
2.3 m (?), and 3.0 m (?). 
 
Installation of the injection well and monitoring wells was performed by hydraulic injection, a 
practice that is common in the saturated unconsolidated soils of coastal regions.  The injection well consists 
of an open-ended 1.9 cm diameter PVC pipe surrounded by a 5.1 cm diameter casing.  The monitoring 
wells are designed in much the same way, with the exception of a 0.3 m length of well screen (schedule 40 
PVC at 0.25 mm slit) placed at depth (Figure 1.4).  A 20-40 mesh sand pack was placed around each well 
screen to prevent clogging and subsequently reduce solids infiltration into the sample water. Dedicated 
neoprene sample tubing was installed in each monitoring well to prevent the occurrence of cross-
contamination during sampling. 
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Figure 1.4 – Design specifications for the MUS injection well and monitoring wells 
 
1.2 Previous MUS Studies 
Two previous research studies were initiated that focused on the effectiveness of the MUS in 
treating primary (minus settlable solids) and secondarily-treated wastewater, respectively.  Both studies 
were performed at the Louisiana Universities Marine Consortium (LUMCON) laboratory in Port Fourchon, 
Louisiana.  Secondarily-treated wastewater, used in the initial MUS project (i.e. Stremlau, 1994), was 
derived from the secondary clarifier of the LUMCON camp’s package treatment system.  The following 
study (i.e. Watson Jr., 2000), which evaluated the feasibility of primary wastewater injection, diverted 
wastewater from the camp’s primary settling tank for marsh injection. Evaluation of the MUS for both 
studies was based on the ability of the system to remove fecal coliforms and Escherichia coli (E. coli) from 
the injected wastewater.  The MUS system consisted of three 4.6 m deep injection wells (two served as a 
backup in the event of clogging) and eighteen well nests, each with three monitoring wells at depths of 1.5, 
3.0, and 4.6 m (Figure 1.5).  The marsh surface at the field site consisted of a dark, highly organic, 
saturated soil, closely resembling the Scatlake soil series common to the coastal salt marshes of the Gulf of 
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Mexico.  An impermeable soil layer was observed at a depth of 4.6 m during installation of the injection 
and respective monitoring wells (Stremlau, 1994). 
1.2.1 Secondarily-Treated Wastewater Study 
Installation, operation, and monitoring of the secondarily-treated wastewater study occurred over a 
period of 2½ years, commencing in February 1994 and ending in June 1996.  Over this time period, a total 
of 575,400 L of secondarily-treated wastewater was injected into the marsh subsurface at varying injection 
intervals.  The partially treated wastewater was low in suspended solids and 5-day carbonaceous 
biochemical oxygen demand (CBOD5), with mean values of 42.8 mg/L and 2.8 O2/L, respectively (Table 
1.2).  Fecal coliform concentrations for the injected wastewater averaged 1,582 colonies per 100mL.  Mean 
fecal counts of 19 colonies per 100mL and 2 colonies per 100mL were observed at the 3.0 m and 1.5 m 
monitoring wells, respectively.  Dramatic changes in salinity were not observed at the 4.6 m monitoring 
wells, implying that wastewater migration from the point of injection was primarily in the vertical 
direction. 
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Figure 1.5 – The Port Fourchon MUS consisted of three injection wells (?) surrounded by 18 nested 
monitoring wells (Ο) each representing depths of 1.5, 3.0, and 4.6 m. 
 
1.2.2 Primary Wastewater Study  
The two-year primary wastewater study extended from January 1999 to December 2000, over 
which a total of 28,900 L of wastewater was injected into the marsh subsurface.  The reduced volumes 
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injected reflected the intensity of the raw wastewater characteristics (Table 1.2).  High solids and CBOD5 
loadings in the injected wastewater can have the potential to increase clogging at the base of the injection 
well.  Reductions in soil permeability can increase injection pressures around the injection well and 
potentially promote channelization of wastewater to the marsh surface.  Four- to five-order reductions in 
fecal concentrations were observed at the 1.5 m and 3.0 m wells for injection flowrates of 0.9, 1.9, and 3.8 
L/min (Table 1.3).   
Table 1.2 – Mean Primary and Secondarily-Treated Wastewater Properties 
(after Watson Jr., 2000; Stremlau, 1994) 
Property Units 
Primary 
Wastewatera 
Secondarily-Treated 
Wastewaterb 
Fecal coliform colonies/100mL 838,630 1,582 
CBOD5 mg/L 122.9 2.8 
TSS mg/L 115.3 42.8 
VSS mg/L 76.3 20.4 
a from Watson Jr., 2000 
b from Stremlau, 1994 
 
Table 1.3 – Arithmetic Mean Fecal Coliform Concentrations at Various Depths and Flowrates 
(after Watson Jr., 2000) 
Fecal Coliform Conc. (colonies/100 mL) Flowrate 
 (L/min)a Influent 3.0 m Wells 1.5 m Wells 
0.9 326,700 12.4 5.3 
1.9 559,200 14.0 7.3 
3.8 930,400 12.2 4.7 
a all flowrates at an injection frequency of 30 minutes every three hours 
 
1.3  Literature Review  
1.3.1 Wastewater Plume Development 
Accurate delineation of the injected wastewater plume is key to understanding the overall 
treatment efficacy of the MUS with respect to fecal bacterial retention and ultimate biodegradation.  In-situ 
measurements such as salinity and pH provide an indication of the extent of wastewater migration within 
the system (Watson Jr., 2000; Stremlau 1994).  However, pertinent system factors such as the mean 
retention time and average velocity of wastewater cannot be determined based solely on field 
measurements.  The intermittent nature of the system makes it difficult to isolate wastewater derived from 
one injection cycle from previous cycles.  A common practice in many groundwater-related situations is to 
introduce a conservative tracer to the system in order to characterize basic hydrologic properties of the 
subsurface (Yates and Yates, 1991).  In the case of the MUS, a conservative tracer can be used to provide 
some indication of wastewater residency within the marsh subsurface.  Introduction of the tracer to a given 
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injection cycle followed by periodic monitoring of observation wells can provide an overall view of the 
transport patterns of the wastewater.  Resulting breakthrough curves at each monitoring well are then used 
to calculate mean retention times of the tracer at given depths and distances from the injection point.  
Assuming the tracer is completely conservative in nature, retention times of the tracer can be directly 
applied to the wastewater plume (Yates and Yates, 1991).  
1.3.2 Bacterial Fate and Transport 
In general, two groups of microorganisms exist in saturated subsurface environments subjected to 
wastewater contamination: 1) autochthonic groundwater bacteria and 2) allochthonic bacteria.  
Autochthonic bacteria are naturally present in the subsurface while allochthonic bacteria are introduced into 
the subsurface via migration of the contaminated plume (Matthess and Pekdeger, 1985).  The injected 
wastewater in the MUS serves as a source of allochthonic bacteria.   
The diameter of a bacterial cell typically ranges between 0.2 and 7 µm (Corapcioglu and Haridas, 
1984).  Consequently, the mechanisms governing bacterial fate and transport within porous media are a 
function of this small size range.  Accurate description of bacterial transport through porous media requires 
a firm understanding of the purpose, function, and interrelationships of the variables involved (Figure 1.6).  
One of the most important factors influencing the migration potential of bacteria in porous media is 
bacterial survival.  The survival of bacteria in a subsurface environment is a function of the subsurface soil 
properties, bacterial competition, and external environmental factors (Gerba et al., 1975; Yates and Yates, 
1991).  
Native properties of the soil matrix such as moisture capacity, pH, and organic content can have a 
considerable effect on the viability of retained allochthonic bacteria.  Materials with a high moisture 
retention capacity (e.g. silts and clays) have been found to support longer bacterial survival times than 
larger-grained sands and gravels.  Studies by Beard et al. (1940) revealed that bacterial survival time in 
sand was relatively short, approximately 4 to 7 days, while in soils of higher moisture (loams and peats) 
bacteria survived up to 42 days.  The same study found increased bacterial viability following rain events 
for all soil types tested.   In general, highly acidic and alkaline soil conditions are not favorable for 
extended bacterial persistence.  Cuthbert et al. (1950) tested the survival of E. coli in acidic and alkaline 
media, peat (2.9 < pH < 4.5) and limestone (5.8 < pH < 7.8), and found survival times of several weeks in 
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the limestone but only a few days in the acidic peat soil.  Parhad and Rao (1974) observed a sharp decline 
and ultimate elimination of E. coli at a pH above 9.4.  The level of organic matter present in a given soil 
system can also influence the survival patterns of bacteria.  Studies by Tate III (1978) showed increased 
survival of fecal coliforms in field soils of high organic matter content as opposed to low organic mineral 
soils (both soil specimens had similar pH values and equivalent moisture contents).  The increased bacterial 
viability was attributed to the ability of the bacteria to consume constituents of the soil organic matter for 
growth purposes.  
 
Figure 1.6 – Interrelationships of the main factors influencing bacterial transport (from Harvey, 1991). 
 
The survival of allochthonous bacteria can be significantly affected by the presence and 
establishment of autochthonous bacterial communities, particularly in nutrient rich conditions.  Studies by 
Hirsh and Rades-Rohkohl (1983) indicated that the persistence of E.coli is negatively impacted by 
autochthonic bacteria in the subsurface (as sited in Matthess and Pekdeger, 1988). Althaus et al. (1982) 
found shorter survival times of allochthonous bacteria in both natural and contaminated water as compared 
with sterilized water (as sited in Matthess and Pekdeger, 1988).  Likewise, McCambridge and McMeekin 
(1981) observed a decline in E. coli densities in estuarine water samples, in the presence of both native 
predacious organisms and solar radiation.   
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Environmental conditions specific to a region or given field site (i.e. temperature and pore water 
salinity) can also impact bacterial persistence within the subsurface media.  Temperature is often 
considered one of the most important ecological factors influencing bacterial survival (Matthess and 
Pekdeger, 1985).  In general, the survival of microorganisms is enhanced at lower temperatures (i.e. less 
than 4oC) with higher temperatures promoting rapid bacterial inactivation or die-off (Gerba et al., 1975).  
Seasonal studies by Van Donsel et al. (1967) reported higher rates of decay for fecal coliforms in the 
summer months as opposed to the winter.  In addition, pore water composition (seawater or freshwater) can 
alter the potential for sustained bacterial survival.  Studies by Davies and Evison (1991) revealed greater 
bacterial decay rates in seawater rather than freshwater samples, under natural light sources.  Similarly, 
Hanes and Fragala (1967) found that the E. coli decay rate was 6.2 times greater in 100% seawater than in 
BOD dilution water.  
The transport of bacteria through porous media can be viewed in much the same way as a solute 
transport problem (Dickinson, 1991).  Bacterial transport through porous media is governed by advective, 
diffusive, and dispersive forces in combination with filtration mechanisms of the media.  Bacterial transport 
can be represented mathematically by the one-dimensional advection-dispersion equation including 
bacterial growth and decay (Yates and Yates, 1991): 
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where R is the retardation coefficient, C is the bacterial concentration in the aqueous phase, t and x are time 
and spatial coordinates, v is the average linear pore water velocity, Dh is the hydrodynamic dispersion 
coefficient, and Rd and Rg are the decay and growth rate terms, respectively.  The first term in the 
advection-dispersion equation represents the change in bacterial concentration at a given location over a 
given time interval (i.e. storage).  Any delay in bacterial transport from the source to a given monitoring 
point is represented by the retardation coefficient.  The second and third terms represent the change in 
bacterial concentrations as a result of dispersive and advective forces.  The final terms represent a mass 
sink and source, described as the rate of bacterial decay and growth (Charbeneau, 2000).  The factors 
affecting bacterial transport and the components of Equation 1.1 are further discussed in Chapter 4. 
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1.4 Research Objectives 
The nine-year, on-going study of the MUS has focused primarily on system efficacy for the 
removal of fecal pathogens from settled and secondarily-treated domestic wastewater.  The influent and 
effluent of the system with respect to fecal coliform and E. coli concentrations have been well defined and 
documented (Watson, Jr. and Rusch, 2002; Watson Jr. and Rusch, 2001; Watson, Jr., 2000; Stremlau, 
1994).  However, limited focus has been placed on the transport processes within the subsurface 
environment and how they affect system operation.  Wastewater transport within the MUS is a function of 
the native soil properties, salinity levels of the groundwater, injection flowrate, local groundwater flow, and 
tidal fluctuations.  Bacterial removal during wastewater transport is largely dependent on the soil 
properties, wastewater plume dynamics, and bacterial characteristics.  System optimization ultimately 
requires an understanding of the mechanisms influencing wastewater migration and bacterial retention 
within the MUS. 
The research presented herein was part of a larger study aimed at evaluating the MUS as a viable 
alternative for the total treatment of domestic wastewater, including bacteria, CBOD5, solids, and nutrients 
(i.e. total phosphorus, ortho-phosphate, total ammonia-nitrogen, total kjeldahl nitrogen, and nitrate- and 
nitrite-nitrogen).  This work focused on the removal and transport of fecal coliform bacteria within the 
subsurface of the MUS.  The objectives of this research were to: 1) characterize the extent of wastewater 
migration within the MUS, 2) evaluate the efficacy of the MUS as a means of removing fecal coliforms 
from injected wastewater, 3) identify the mechanisms responsible for fecal coliform retention within the 
subsurface, and 4) describe the transport of fecal coliform bacteria in a sand media based on the advection-
dispersion equation. 
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Chapter 2: Implications of Using Rhodamine WT as a Wastewater Plume Tracer in 
the Marshland Upwelling System 
 
2.1 Introduction 
Systems such as septic tanks and soil absorption beds are among the most common methods of 
onsite wastewater treatment.  However, these sys ems and other conventional onsite wastewater treatment 
methods are often improperly maintained or utilized in conditions that promote system failure.  Failure can 
occur as a result of a high groundwater table, poor soil conditions, and/or influent flows exceedi g the 
absorptive capacity of the soil.  High groundwater tables and tidal patterns common to coastal regions can 
cause ponding of wastewater at the surface of absorption fields leading to direct transport to nearby water 
bodies by overland flow (USEPA, 1999a).  A 1984 United States Department of Agriculture (USDA) soil 
survey of the Lafourche Parish in Louisiana indicated severe limitations with the implementation of septic 
systems and absorption fields in saturated coastal soils. 
The marshland upwelling system (MUS) was developed in response to concerns associated with 
the use of conventional treatment systems in saturated coastal areas.  The advantage of the MUS over 
conventional treatment systems is its ability to operate under highly saturatd conditions.  The MUS makes 
use of the natural filtration properties of the marsh soil in combination with the density gradient between 
the wastewater and the saline pore water to create a natural filtration system (Figure 2.1).  Wastewater is 
intermittently introduced into the subsurface via a shallow injection well. This intermittent injection 
scheme reduces the buildup of pressure at the injection point and subsequently minimizes the likelihood of 
wastewater channelization to the surface water of the ma sh.  Upon entering the marsh subsurface, the 
injected wastewater is forced upward in the direction of decreasing density gradient.  Observation wells 
placed at varying depths surrounding the injection well enable in-situ monitoring of wastewater plume 
migration.  Previous MUS studies (Watson Jr., 2000; Stremlau, 1994) have indicated that changes in 
salinity and pH from background values can provide approximate onsite delineation of the wastewater 
plume.  
To effectively examine the treatment capabilities of the MUS, it is essential to understand the 
transport of the wastewater plume within the subsurface.  However, the intermittent nature of injection 
makes it difficult to distinguish the transport characteristics of wastewater derived from one injection cycle 
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from wastewater injected at a later time.  The addition of a tracer is the easiest approach to provide 
necessary information regarding the migration of wastewater from the point of injection through the 
saturated subsurface.  
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Figure 2.1 – The experimental marshland upwelling system consists of an injection well surrounded by a 
series of monitoring wells, positioned at various depths 
 
Fluorescent dyes can be applied to a wide variety of field-scale s tuations for the purpose of 
characterizing basic hydrologic properties such as groundwater velocity, flow direction, retention times, 
preferential flow pathways, and dispersion patterns.  Tracer selection for use at the field site was based on: 
1) ease of application, 2) level of inertness, 3) detectability in the field, and 4) visual confirmation.  
Rhodamine Water Tracer (RWT), one of the more commonly used fluorescent dyes, was selected for use in 
this study. 
RWT (CAS# 37299-86-8) is a dark red, fluorescent dye that has been used as a tracer in numerous 
surface water (e.g. Jones and Jung, 1990; Bencala et al., 1983; Smart and Laidlaw, 1977) and groundwater 
field studies (e.g. Pang et al., 1998; Aulenbach et al., 1978).  RWT’s wide-spread use stems from the fact 
that it is generally inexpensive, easy to detect through fluorometric instrumentation, and has limited toxic 
or otherwise adverse properties when released in natural environments (Kasnavia et al., 1999).  RWT is 
also considered the most stable of the available fluorescent dyes, particularly in groundwater environments 
where natural sunlight (a cause of RWT decay) is absent (Sutton et al., 2001) and pH levels are generally 
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near neutral or greater.  RWT shows limited fluorescence decay at pH levels between 5.5 and 11 
(Keystone, 2000).  Additional properties of RWT are presented in Table 2.1.   
Table 2.1 – Selected Properties of RWT 
Property Units  Reference 
Molecular formula  C29H29N2O5Na2Cl  
Molecular weight  (g/mol) 566  
Specific gravity  1.15 (20oC) Keystone (2000) 
log Kow  -1.33 Smart (1984) 
Koc  (cm
3/g) 1,700-3,700 Sabatini & Austin (1991) 
  1,000-1,600 Trudgill (1987) 
Kow is the octanol-water partition coefficient  
Koc is the organic-carbon-normalized partition coefficient 
 
The effectiveness of RWT as a true conservative groundwater tracer has been hallenged in 
numerous publications (e.g. Vasudevan et al., 2001; Sutton et al., 2001; Kasnavia et al., 1998; Everts and 
Kanwar, 1994; Shiau et al., 1993).  Results from these laboratory studies showed varying degrees of non-
conservative transport of RWT (i.e. sorption) when exposed to different aquifer materials, mineral surfaces, 
and sediments. Shiau et al. (1993) reported RWT retardation factors of 17.2 and 32.8 for coarse and fine 
sand aquifer material, respectively.  Everts and Kanwar (1994) repoted a retardation factor of 40.2 in a 
Nicollet loam soil, although complete breakthrough of RWT was not achieved.  Kasnavia et al. (1999) 
documented retardation factors of 3.7 and 18.2 for silica and alumina, respectively.  These laboratory 
column studies also documented the development of a plateau in the effluent breakthrough curve, in 
contrast to the typical sigmoidal breakthrough curve produced by conservative tracers (e.g. chloride).  The 
observed plateau was eventually attributed to differing sorption potentials of the two isomers that comprise 
RWT (Shiau et al., 1993).  The isomers were found to be equally distributed (mass basis) in the RWT 
solution with isomer 1 exhibiting more conservative properties than isomer 2 (Vasudevan et al., 2001). 
The two isomers, although structurally different, are fluorometrically indistinguishable.  As a 
result, the observed breakthrough curve reflects the transport properties of both isomers.  The inability of 
the fluorometer to isolate the two isomers is a function of both i strumental setup and the emission 
characteristics of each isomer.  A fluorometer measures the fluorescence or light intensity of an aqueous 
sample at wavelengths exceeding 570 nm.  Maximum light emission for isomers 1 and 2 occurs at 
wavelengths of 585 and 588 nm, respectively, at an excitation wavelength of 555 nm (Sutton et al., 2001).  
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Since each isomer’s emission maximum lies beyond a wavelength of 570 nm, the distinct sorption traits of 
each isomer are not detected by the fluorometer.   
The main goal of this study was to assess the applicability of RWT as a groundwater tracer for use 
in characterizing the migration of wastewater within the MUS.  A field injection study using RWT was 
performed to determine the retention time and dispersive potential of wastewater within the subsurface of 
the field site.  To better understand the results of the field study, a series of laboratory experiments focused 
on the transport characteristics of RWT.  Results from the laboratory experiments were used to examine th  
data obtained from the field injection study in order to define the potential benefits and implications of 
using RWT in the MUS. 
2.2 Field Site Description 
The MUS is located in a saline Ju cus marsh within the Grand Bay National Estuarine Research 
Reserve, Moss Point, Mississippi.  The experimental system consists of one injection well (~3.8 m below 
ground surface (bgs)) and 38 monitoring wells positioned radially around the injection well at depths of 
1.5, 2.3, and 3.0 m (Figure 2.2).  Selected background field properties at these depths are presented in Table 
2.2.  Evaluation of previous MUS studies and system specifications are detailed in Watson Jr. and Rusch 
(2002, 2001).  The sources of wastewater for the MUS are two private camps and a public restroom.  Raw 
wastewater from one camp and the restroom is collected in an underground 208-L holding tank where a 
large portion of the settlable solids are retained.  The wastewater is then transported, by means of a 
submersible pump, to a larger (1,325 L) aboveground holding tank and combined with the wastewater 
derived from the second camp. The wastewater in the large holding tank is intermittently injected into the 
marsh subsurface.  A simultaneous hydraulic loading study was performed over the course of th  RWT 
injection study in order to isolate the hydraulic limits of the MUS.  Injection flowrates of 1.9, 2.8 and 5.5 
L/min at an injection frequency of 30 minutes every three hours were tested.  
Table 2.2 – Selected Background Field Properties 
   Depths (below ground surface) 
Property Units n 1.5 m 2.3 m  3.0 m 
Salinity ppt 12 31.1 ± 3.5 30.9 ± 3.7 31.6 ± 3.2 
pH  11 6.5 ± 0.1 6.7 ± 0.1 6.8 ± 0.2 
Temperature oC 11 21.3 ± 2.7 21.3 ± 2.3 21.9 ± 2.0 
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Figure 2.2 – The MUS consists of one injection well () and 38 monitoring wells at depths of 1.5 m (u), 
2.3 m (p), and 3.0 m (l). 
 
The surface of the marsh consists of a dark, highly organic, saturated soil, closely resembling the 
Scatlake soil series common to the coastal marshes of the Gulf of Mexico.  Scatlake soils are clayey, 
semifluid, mineral soils that are generally poorly drained due to limited slope conditions (USDA, 1984).  
The underlying soil strata at the field site were identified using a continuous intrusion cone penetrometer 
(CICP).  A CICP estimates the most probable soil types present at specified depth intervals based on sleeve 
and tip resistance of the soil to the penetrating apparatus.  Due to the saturated conditions present in the 
marsh at the time of the study, soil classification was perf rmed directly adjacent to the field site (~15 m 
east of the injection well).  With the exception of the saturated organic material at the surface of the marsh, 
the strata identified by the CICP study were assumed to be representative of the conditions within the field 
site.  To confirm the results of the CICP study, soil borings were collected to a depth of 3.8 m within the 
field site using a 7.0 cm diameter stainless steel hand auger (Forestry Suppliers, Inc.) (Table 2.3a).  Soil 
descriptions from the CICP are presented in parentheses.  Soil samples representing each depth interval 
consisted of a series of subsamples collected along the length of the depth interval.  Sieve (ASTM C117, 
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C136) and hydrometer analyses (ASTM D422) were conducted to determine the mean grain size diameter 
and soil types present at each depth interval (Table 2.3b) (Bardet, 1997; ASTM, 1995).  In addition, the 
fraction of organic carbon (ASTM D2974) was determined for the surface and injection-depth samples 
(ASTM, 1995) (Appendix A). 
Table 2.3a – Description of Soil Strata at the Field Site 
Depth Interval 
(m) 
Description 
0 – 1.2 Dark brown organic material with 
high water content; plant matter 
present  
1.2 – 2.1 Medium to dark grey silty clay; 
limited plant matter  
(sandy clay – CICP) 
2.1 – 3.0 Light grey sand/clay mixture 
(sand - CICP) 
 
Table 2.3b – Selected Properties of Field Soil at Various Depths 
  Depth Interval (m) 
Property Units 0 – 1.2 1.2 – 2.4 2.4 – 3.0 3.0 – 3.8 
Sand content % 44 37 62 86 
Silt % 44 40 23 9 
Clay % 12 23 15 5 
Mean grain size diameter (d50) mm 0.10 0.04 0.10 0.16 
Uniformity coefficient (d60/d10)  -- 
a -- a -- a 1.08 
Fraction of organic content (foc) % 9.0 ± 0.5 N/A N/A 0.5 ± 0.1 
a Unable to calculate d10 values 
N/A – Not analyzed 
 
2.3 Materials and Methodology 
RWT was purchased as a 20 wt% solution (Lot # A201D566) from Keystone Aniline Corporation 
(Chicago, IL).  RWT dye samples for both field and laboratory studies were analyzed using a Sequoia-
Turner Model 450 fluorometer fitted with filters NB 540 and SC 585 (Turner Designs, Inc., Sunnyvale, 
CA) (Turner Designs, 1987).  The minimum detection limit of the fluorometer was 1 ppb.  The fluorometer
was calibrated prior to the start of each experiment using standards made from the original 20 wt% solution 
(serial dilution) with Type I water.  All RWT standards were stored at room temperature (22 - 26 oC) nd 
covered with aluminum foil to eliminate photochemical decay.  Standard concentrations were reconfirmed 
upon completion of each experiment to identify pot al instrumental drift. 
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2.3.1 Field Study 
The field tracer study was initiated on July 11, 2001.  Nineteen liters of RWT at a concentration of 
approximately 33 ppm were injected in combination with influent wastewater as part of a single injection 
cycle.  Normal system operation continued following RWT injection (i.e. intermittent injection of available 
wastewater at specified flowrate and frequency).  The specific gravity of the diluted tracer approximated 1, 
limiting potential separation of RWT from the injected wastewater by density gradients.  Samples were 
retrieved from the surrounding monitoring wells every four hours during the initial two-week period 
following injection of the RWT slug.  Based on initial low concentrations of RWT observed in the field, 
sampling frequency was reduced to biweekly to accommodate an extended monitoring period.  Biweekly 
monitoring of RWT migration in the subsurface was performed over a seven-month period (August 2001 – 
March 2002).  Over the course of the study, RWT levels were not monitored at observation wells Q-U. 
RWT concentration data gathered from the field site were used to develop tracer curves for each 
monitoring well.  Mean retention times of RWT at each monitoring well were calculated using a method of 
moments analysis for a pulse input.  The mean retention time for the RWT tracer is described by the 
quotient of the first and zeroth moments of the resulting breakthrough curve (Levenspiel, 1999): 
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where MRT is the mean retention time, Ci is the incremental tracer concentration, and ti is the time 
increment between sampling events.  The zeroth moment represents the area under the breakthrough curve 
Assuming the tracer is truly conservative, the mean retention times can be directly applied to the 
wastewater plume and subsequently used to determine the average linear plume velocity (Yates and Yates, 
1991).  Mean retention time refers to the time required for the center of mass of the injected tracer slug to 
pass through a given monitoring well (Levenspiel, 1999). 
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2.3.2 One-dimensional (1-D) Laboratory Studies 
Simple laboratory column experiments were performed using a clean sand media (Table 2.4). 
Media properties were determined using standard protocol (Bardet, 1997; ASTM, 1995). Clean sandwas 
selected as the column media for the following reasons: 
i. Although clean sand is not representative of the soil conditions present at the field site, it does 
provide a means of examining RWT retardation under conditions of limited sorption potential (as 
compared to soils of high organic and clay content). The presence of RWT retardation in the clean 
sand may imply higher retardation in the field soils.
ii. Soils from the field site have a high clay component that can limit uniform water conductivity 
through the column and potentially promote short-circuiting along the column walls.
iii. Field soils may shrink and swell in response to changing saline conditions (Goldenberg et al., 1983), 
thus making it difficult to characterize various soil properties within the column (i.e. por sity and 
hydraulic conductivity). 
iv. Commercial sands and sandy field soils (> 40% sand) have been used in several column studies 
focusing on RWT transport (e.g. Sutton et al., 2001; Di Fazio and Vurro, 1995; Everts and Kanwar, 
1994; Shiau et al., 1993; Sabatini and Austin, 1991).   
Table 2.4 – Selected Properties of Clean Sand 
Property Units  
Median grain size diameter (d50) mm 0.37 
Uniformity coefficient (d60/d10)  1.91 
Total porosity  0.35 
Particle density g/cm3 1.59 
Hydraulic conductivity cm/s 3.5 x 10-2 
 
The 1-D laboratory column was constructed using 5.1-cm diameter (I.D.) clear polyvinyl chloride 
(PVC) pipe at a length (bed depth) of 50.8 cm (Figure 2.3).  The base of the column was filled with a 
coarse grain media (d50 = 3.8 mm) to promote uniform flow through the sand media.  The influent end of 
the column was screened with a 0.3-cm plastic mesh to prevent clogging by the coarse material.  The sand 
media were supported by a 500-µm nylon screen, which ensured level distribution over the coarse diffuser 
material.  Since the ratio of the column diameter to the mean grain diameter was greater than 30, wall 
effects were considered negligible within the column apparatus (Schwartz and Smith, 1953).   
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Figure 2.3 – Schematic of 1-D Laboratory Column Apparatus 
 
A continuous injection experiment was performed in quadruplicate (Trials 1-4) to quantify the 
retardation potential of RWT in clean sand.  The clean sand media was replaced at the completion of each 
trial to eliminate the impact of RWT residual mass on future trials.  Prior to injection of RWT, the column 
media were saturated with a synthetic saline solution (Instant Ocean®) at a concentration similar to 
background levels observed at the field site (~ 35 ppt) (Table 2.2).  Saline water was introduced into newly-
packed columns from the column base using a variable-flow peristaltic pump (Cole Parmer, Inc.; Model # 
U-07518-10).  A low injection flowrate was maintained to ensure adequate and uniform saturation of the 
media.  Once media saturation was achieved, approximately two liters of wastewater containing 1,000 ppb 
of RWT was injected into the column at a flowrate of 5.6 ± 0.3 ml/min, resulting in approximately one pore 
volume (~360 mL) injected per hour.  The RWT/wastewater solution was filtered through 2.7 µm GF/D 
membrane filters (Cole Parmer, Inc.) prior to injection to decrease the solids loading to the column.  
Effluent samples from the columns were analyzed for salinity and RWT concentration.  All salinity 
measurements were made using a ensION5TM conductivity probe (Hach, Inc.; Model # U-19604-00) with 
a detection limit of 0.1 ppt.  Ambient temperatures in the laboratory ranged between 22 and 26 oC.  
Although all trials were run under lighted conditions, it is expected that the short uration of the trials (~ 6 
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hours) resulted in negligible photochemical decay of RWT in the column.  Smart and Laidlaw (1977) 
reported low photochemical decay rates for RWT (<1.0 x 10-4) over 6 hour studies, concluding that no 
correction factor was requir d for tests less than one week in duration.  
RWT retardation factors for each trial were determined using the moment analysis for a 
continuous (step) tracer input.  All parameters were described in dimensionless terms.  As with the pulse 
input scenario, the mean retention time (in this case, dimensionless time) was calculated by dividing the 
first and zeroth moments of the breakthrough curve (Equation 2.2).  For a step input, the zeroth moment 
represents the area over the breakthrough curve.   The retardation factor for RWT is described by the ratio 
of the mean retention times for the RWT and wastewater (conservative tracer (CT)) breakthrough curves 
(Equation 2.3) (Levenspiel, 1999). 
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where T is the mean dimensionless detention time, C’ is th  dimensionless incremental tracer concentration, 
t’ is the dimensionless time at each incremental tracer concentration, and RF is the ret r ation factor.   
An additional study was performed for the purpos of examining RWT retention within the 
column media during regeneration of the column by saline water injection (RWT flushing).  Upon 
conclusion of RWT injection (data not presented in this paper), the column was maintained in a no-flow 
state for a period of approximately 24 hours.  35 ppt saline water was then introduced into the column at the 
same flowrate used during RWT injection.  As before, effluent samples were taken at specific time 
intervals and monitored for changes in salinity and RWT fluorescence. 
2.3.3 Two-dimensional (2-D) Laboratory Studies 
A 2-D system was used to simulate the MUS injection cycles at various background salinity 
values (Figure 2.4).  The system provides a detailed cross sectional view of freshwater plume migration 
along a hypothe ical transect (centered at the injection well).  The clear acrylic walls provide a means of 
visualizing various details about plume shape and migration that cannot be determined by monitoring 
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trends in field parameters alone (i.e. salinity and pH).  Freshwater was used rather than wastewater in order 
to eliminate the need for media replacement.  Fine solids present in the wastewater have the potential to 
alter the conductivity of the media immediately surrounding the injection well, thus introducing variability 
between experimental trials.  The injection of RWT into the 2-D sys em is part of a larger study aimed at 
examining the dynamics of a freshwater plume within a saline subsurface.  
 
Figure 2.4 – The 2-D system consists of an injection well (1) situated in saturated media (2) and two side 
reservoirs (3). 
 
The width of the 2-D tank is small (5.1 cm) in comparison to its length and height (L:W = 19.6; 
H:W = 19.8), effectively limiting plume transport to the x- and z-directions only.  The system 
accommodates a total of 96 sampling ports located on the facing and rear walls of the tank.  Only sampling 
ports located on the facing wall were used for this study.  The sampling ports are arranged in a grid pattern, 
spaced 7.6 cm apart in the horizontal direction and 25.4 cm apart in the vertical direction.  The system is 
equipped with two side reservoirs that serve two functions: 1) to establish a constant initial salinity within 
the saturated media and 2) to create the driving force necessary to push the injected freshwater plume 
towards the surface of the tank, thus mimicking natural field conditions.  The reservoirs are separated from 
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the saturated media by a 500-µm nylon screen and a secondary metal support screen.  The injectionwell 
was constructed of 0.6 cm diameter PVC pipe which extends 82.5 cm bgs of the tank media.  The same 
sand media used in the 1-D studies was selected for all 2-D experiments. 
A series of injection experiments were performed to investigate the ability of RWT to effectively 
mimic the density driven transport of an injected freshwater slug.  A 750 mL RWT solution at a 
concentration of 100 ppm was injected into the sand media via the injection well.  Injection trials were 
performed at different background salinity v lues (5, 15, 25, and 35 ppt) to determine if salinity played a 
role in affecting RWT transport.  Mean retardation factors for each trial were determined using Equation 
2.1 (pulse input scenario) by averaging the retardation values from each sample port bove the base of the 
injection well (ports F, G, J, K, N, and O).  A total of five trials were performed with the 35 ppt trial run in 
duplicate.  It is acknowledged that the act of taking samples from the 2-D system can disrupt the 
progression of the plume.  However, this impact is considered to be minimal over the length of the 
experiment due to the small sample volumes (~5 mL) extracted and the large time intervals between 
sampling events (1 – 10 hours). 
2.4 Results and Discussion 
2.4.1 Field Study 
Figures 2.5a-d present RWT breakthrough curves from the field injection study for well transects 
PHFN and OGEM at a depth of 2.3 m and LDBJ and IACK at a depth of 3.0 m.  Over the seven-month 
study, a total of 55,702 L of primary wastewater (minus settled solids) was injected into the marsh 
subsurface (Appendix B).  RWT was first detected at the 3.0 m deep wells closest to the point of injection 
(wells A-D3.0; vector distance (VD) = 1.4 m).  The appearance of RWT in these wells occurred between 5 
and 10 days following initiation of the tracer study (Table 2.5).  Horizontal migration of the tracer to the 
outer 3.0 m deep wells (wells I-L3.0; VD = 2.5 m) was observed between 34 and 43 days after initial 
injection at wells I, J, and L3.0. RWT appeared in well K3.0 after84 days.  The delayed presence of the 
tracer at well K3.0 is consistent with the suspected direction of local groundwater flow, which drains into 
nearby Bayou Cumbest and the inlet (Figure 2.2).  The detection of RWT at the outer wells suggests 
significant horizontal plume migration at the field site.  The clayey sand material located between depths of 
1.2 and 3.0 m may act as a local aquitard, hindering the density-driv n upward transport of the injected 
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tracer.  It is hypothesized that a large portion of the wastewater exiting the injection well becomes trapped 
below this clayey sand layer and is eventually displaced laterally by wastewater from future injection 
cycles as well as tidal fluctuations and natural groundwater flow. 
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Figure 2.5a – RWT Breakthrough Curves for Well Transect LDBJ at a depth of 3.0 m 
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Figure 2.5b – RWT Breakthrough Curves for Well Transect IACK at a depth of 3.0 m 
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Figure 2.5c – RWT Breakthrough Curves for Well Transect PHFN at a depth of 2.3 m 
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Figure 2.5d – RWT Breakthrough Curves for Well Transect OGEM at a depth of 2.3 m 
 
Vertical migration of the tracer was limited to shallower wells B, D, F, N, and O2.3. RWT was 
observed at wells B2.3 and D2.3 (VD = 1.95 m) after 12 and 16 days, respectively.  Wells F2.3 (VD = 1.75 
m) and N2.3 (VD = 3.0 m) saw appreciable levels of RWT after 34 days whereas well O2.3 did not contain 
RWT until 237 days after injection.  Since wells N2.3 and O2.3 are positioned at the same vector distance 
from the base of the injection well, it would be expected that the arrival times of the tracer to these wells 
would be similar (as observed at the inner 3.0 m deep wells). The relatively rapid migration of RWT 
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towards well N2.3 as opposed to well O2.3 provides an indication of the heterogeneous and anisotropic 
nature of the subsurface material at the field site.  Macropores (i.e. cracks and larger pores) that are present 
in most native soils can encourage water transport through preferential pathways, resulting in short-
circuiting through the media (Smith et al. 1985).  The presence of macropores or a seam in the clayey sand 
layer may explain the rapid transport of RWT to well N2.3. 
Of the 1.5 m deep wells, only well N1.5 (VD = 3.45 m) contained significant concentrations of 
RWT. The tracer appeared between 27 and 34 days after injection, the same time period as well N2.3.  The 
fact that RWT was observed at the N wells during the same sampling event may indicate the presence of a 
critical weak point in the media.  This highly permeable zone around the nested N wells may be naturally 
occurring or the result of a local disturbance caused by the installation of the shallower N1.5 well.   
The overall MRT for the inner wells (A-D3.0) was calculated to be 45.9 ± 3.9 days based on the 
RWT field breakthrough data.  Likewise, the outer ring of wells (I-L3.0) and the shallower wells (B, D, and 
F2.3) had overall MRTs of 105.5 ± 14.9 and 58.8 ± 9.0 days, respectively.  Table 2.5 provides a summary 
of the times to first detection (FDT) and MRTs for the wells where RWT was detected. 
Table 2.5 – First Detection and Mean Retention Times for Selected Wells 
Well ID Depth 
(m) 
FDT 
(d) 
MRT 
(d) 
Well ID Depth 
(m) 
FDT
(d) 
MRT 
(d) 
A 3.0 10 51.6 I 3.0 56 104.8 
B 3.0 9 44.1 J  3.0 34 84.6 
 2.3 12 50.2 K 3.0 84 116.4 
C 3.0 5 45.1 L 3.0 43 116.0 
D 3.0 8 42.9 N 2.3 34 69.0 
 2.3 16 57.9  1.5 34 80.6 
F 2.3 34 68.1 O 2.3 237 --a 
a RWT was detected at O7.5 at the end of the study; \tracer response curve not complete. 
 
The FDTs for RWT in the outer wells (wells I-L3.0 and O2.3) effectively corresponded to changes 
in pH observed.  Significant differences in pH were recorded prior to and following initial RWT detection 
(p<0.023; a=0.05), suggesting the presence of wastewater at these wells.  Similar variations in salinity at 
the time of RWT detection were not observed.  Comparison of salinity and pH trends with RWT detection 
was not possible for inner wells (A-D3.0 and 2.3) due to wastewater infiltration at these wells prior to 
initiation of the RWT injection study. 
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2.4.2 1-D Laboratory Studies 
2.4.2.1 RWT Injection 
The initial breakthrough of RWT for Trials 1-4 was slightly delayed in comparison to wastewater 
breakthrough (Figure 2.6).  After injection of one pore volume, 53 ± 7.9 % of the wastewater had arrived at 
the column effluent.  At the same time, only 21 ± 8.8 % of the original RWT concentration was detected.  
Generally, complete wastewater recovery (~99%) was achieved between 1.5 and 2.5 pore volumes.  The 
shape of the wastewater breakthrough curve was consistent with the sigmoidal curve produced by 
conservative tracers. The RWT curve developed a plateau at values of C/Co r nging from 0.48 to 0.56, 
occurring between 1.3 and 2.2 pore volum s.  Shiau et al. (1993) reported similar C/Co v lues (0.43 to 
0.49) for RWT plateau development using coarse and fine sand aquifer media.  As mentioned previously, 
the development of the plateau is the result of isomer separation within the column.  Completion of the
RWT curves was observed between 3.3 to 3.5 pore volumes for the four trials tested.  
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Figure 2.6 – Wastewater and RWT Experimental Breakthrough Curves 
 
Overall retardation factors for Trials 1-4 were highly reproducible, ranging from 1.73 to 1.90 (1.81 
± 0.08) (Table 2.6).  The overall RWT breakthrough curve can be viewed as two separate curves, each 
representing the transport characteristics of an isomer (Figure 2.6).  Normalization of the first step curve 
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(isomer 1) to the RWT plateau concentration for each trial revealed the near conservative nature of isomer 
1 with respect to the injected wastewater. Conversely, adjustment of the second curve (isomer 2) to reflect 
the plateau and maximum concentrations for each trial identifies a significant delay with respect to the 
wastewater, suggesting the sorptive effects of isomer 2 (Appendix C).  
Table 2.6 – Overall and Isomer-specific Retardation Factors for Each 1-D Trial 
Trial No.  
Zero-Order 
(m0) 
First-Order 
(m1) 
Retardation 
Factor 
1 Overall 1.12 1.99 1.73 
 Isomer 1 0.55 0.56 1.00 
 Isomer 2 0.57 1.43 2.44 
2 Overall 1.05 2.02 1.90 
 Isomer 1 0.49 0.49 1.00 
 Isomer 2 0.57 1.53 2.67 
3 Overall 1.09 2.13 1.85 
 Isomer 1 0.46 0.47 0.95 
 Isomer 2 0.62 1.66 2.51 
4 Overall 1.08 1.96 1.75 
 Isomer 1 0.55 0.63 1.12 
 Isomer 2 0.53 1.32 2.41 
 
2.4.2.2 RWT Flushing  
The RWT flushing experiment resulted in a primarily sigmoidal shaped curve with no evidence of 
plateau development (Figure 2.7).  The lack of a midpoint plateau may be the result of prior isomer 
separation in the column during RWT injection. It is hypothesized that the majority of RWT mass retained 
prior to initiation of the flushing study consisted of isomer 2.  Much of isomer 1 was exhumed from the 
column during continuous RWT injection, with the exception of the portion remaining during stop time. 
The initial portion of the curve showed normalized RWT concentrations exceeding 1, indicating a gain in 
tracer concentration from the original solution.  This rise in concentration may be the result of RWT
desorption from the media grains over the 24-hr rest period.  Sutton et al. (2001) observed a 10% increase 
in RWT mass recovery after stopping flow over varied time intervals.  The increased mass recovery was 
attributed to mass desorption and the diffusion of mass from dead zones to main flow arteries in the media.  
The slope of the midsection of the RWT tracer curve appears relatively steep, indicating a high rate of mass 
removal, potentially the elution of the remaining isomer 1 mass.  Again, this may be dicative of the 
flushing of desorbed and diffused mass present in the main transport channels after stop time.  The tail of 
the RWT tracer curve stabilized at a C/Co of about 0.20, indicating retention of 20% of the original RWT 
mass.  Stabilization occurred after elution of 2 pore volumes.  Sutton et al. (2001) also observed mass 
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retention of 20% with their respective columns.   It is speculated that the RWT residual or tailing effect 
observed is the result of isomer 2 sorption.  
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Figure 2.7 – Saline Water and RWT Breakthrough Curves during Flushing 
 
2.4.3 2-D Laboratory Studies 
Figures 2.8a-f show the upward progression of the freshwater and RWT plumes at selected 
intervals for the 35 ppt study. The data are plotted as C/Co contours, where the original saline concentration 
within the tank (in this case, 35 ppt) and the initial RWT concentration of the injectant (100 ppm) serve as 
the initial concentrations (Co) for the freshwater and RWT contours, respectively. The injection point is 
located at coordinates (0,0).  The contour plots provide a method of visually evaluating the conservative 
nature of RWT by comparing, for instance, the location of the C/Co = 0.1 RWT contour with respect to the 
location of the C/Co = 0.9 freshwater contour.  Separation of these contours indicates some level of RWT 
retardation within the media.  Contour plots for the remaining salinity studies are presented in Appendix D. 
In general, the RWT plume maintained the approximate shape and size of the freshwater plum
during the initial stages (0 < t < 2 hrs) of each experiment.  However, signs of RWT sorption were observed 
at various time intervals, depending on the background salinity level employed.  The RWT plume 
periodically lagged behind the freshwater plume, esulting in the formation of a tail from the point of 
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Figure 2.8 – Progression of the freshwater and RWT plumes at selected intervals for the 35 ppt study 
(a) t = 1 hr (b) t = 4 hr 
(c) t = 9 hr 
(d) t = 14 hr
(f) t = 36 hr(e) t = 28 hr 
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injection (Figure 2.8b). Although not apparent on the 35 ppt duplicate contours, visual confirmation of the 
tailing effect was made during the duplicate experimental trial.  The formation of a tail from the RWT 
plume suggests RWT mass retention, indicative of the residual observed during the 1-D fl shing 
experiment.  RWT separation was also observed along the leading edge of the freshwater plume (Figures 
2.8c and d). At later times, significant separation of the RWT and freshwater plumes was quite apparent 
(Figures 2.8e and f).  Similar visual observations were made for the remaining salinity studies.  RWT 
retardation factors for the 2-D trials ranged from 1.02 to 1.11 suggesting that much of the leading edge of 
the RWT plume consisted of isomer 1 while the majority of isomer 2 remained in the vicinity of the 
injection well (i.e. tailing effect) (Table 2.7).  No significant differences in RWT retardation factors were 
observed between the various salinity concentrations tested (p>0.14; a=0.05) (Appendix E).  Sampling 
ports B1 - C3 were not included in the calculation of RWT retardation factors for each trial due to the close 
proximity of the ports to the injected plume during early time. 
Table 2.7 – RWT Retardation Factors for 2-D Trialsa 
Salinity RWT Retardation Factors 
(ppt) n a Mean Standard 
Deviation 
5 9 1.08 0.18 
15 10 1.03 0.06 
25 11 1.02 0.08 
35a 14 1.11 0.19 
35b 9 1.07 0.09 
a n is the number of sampling ports where RWT was observed.
 
2.5 Implications of Laboratory Studies 
Results of the laboratory studies cannot be used to directly quantify the sorption potential of RWT 
at the field site.  Instead, a qualitative evaluation of RWT use at the field site can be made based on 
laboratory observations, field properties, and field site data.  The purpose of the laboratory studies was to 
evaluate the sorptive behavior of RWT in an ideal transport setting.  The clean sand media used in the 1-D 
and 2-D experiments was selected so as to eliminate the impact that organic material and finer sized 
particles (< 75 µm) may have on RWT transport.  Fine-textured soils such as clays are very effective at 
enhancing sorption due to their small size, large surface area, and surface charge (McDowell-B yer et al., 
1986).  Sabatini and Austin (1991) found sorption of RWT to be highly sensitive to changes in a soil’s 
organic content.  
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Results of the 1-D laboratory studies revealed a delay in RWT transport compared to injected 
wastewater, indicating RWT sorption within the clean sand media.  Confirmation of RWT sorption under 
ideal transport conditions implied that the RWT mass injected during the field injection study also 
underwent some level of adsorption.  The presenc of clays and organics as well as natural heterogeneities 
at the field site most likely amplified RWT’s non-conservative transport in the subsurface. As a result, the 
use of RWT tracer data to accurately estimate MRTs of wastewater at monitoring wells or avera e 
velocities between wells would be incorrect.  Even small retardation factors, such as those observed in the 
column studies, would introduce significant error when applied over long time intervals and large 
distances.  In addition, the retention of low levels of isomer 2 (tailing effects) in the subsurface would cause 
MRT values to gradually rise over increasing time, thus amplifying the degree of error.   
Although use of RWT for direct quantification purposes is not recommended, the reported RWT 
MRTs from the field study can be considered, from a qualitative perspective, as an upper limit for the 
arrival of wastewater at a given monitoring well.  Assuming greater sorption occurs within the field setting, 
adjustment of the field MRTs to reflect the retardation observed from the laboratory studies (1.81 ± 0.08) 
would enable closer estimation of each upper limit.  The upper limit would provide a time range within 
which the arrival of an injected wastewater slug would be expected.  Accordingly, the overall upper limit 
for mean wastewater arrival at the inner wells (A-D3.0) would be 25.4 ± 2.1 days.  Likewise, the overall 
upper limits for the outer wells (I-L3.0) and shallower wells (B, D, and F2.3) would be 58.3 ± 8.2 and 32.5 
± 5.0 days, respectively.  Based on the above upper limits and the vector distance of each well from the 
injection point, overall average velocities of the wastewater plume would be at least 0.02 – 0.06 m/day. 
Several additional benefits of RWT’s use at the field site were apparent.  From the 2-D laboratory 
studies, RWT appeared to effectively follow the leading edge of the freshwater plume, although retardation 
factors were slightly greater than 1.  The migration pathways of RWT did not appear to deviate from those 
of the freshwater.  These findings suggest that RWT may be an effective tracer for identification of travel 
pathways within the field subsurface.  This is especially important in the MUS for the early detection of 
macropores or weak points in the media that may enable future channelization of wastewater from the 
injection well.  Also, detection of RWT at the outer monitoring wells identified the degree of impact that 
the clayey sand layer has on the density dependent vertical transport of the wastewater plume.  The fact tha 
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RWT transport or retardation is not affected by changes in background salinity further establishes RWT’s 
use as a qualitative tracer in tidally-influenced regions. 
2.6 Conclusions 
The use of RWT to accurately quantify retention times and average groundwater v locities of he 
wastewater plume within the MUS would be inappropriate due to the non-conservative nature of RWT.  
Previous research (e.g. Vasudevan et al., 2001; Sutton et al., 2001; Kasnavia et al., 1998; Everts and 
Kanwar, 1994; Shiau et al., 1993) and results from this study have documented the retardation of RWT 
transport in subsurface media.  In the case of the MUS, application of RWT data to reflect wastewater 
plume dynamics would result in a gross underestimation of the actual transport potential of the wastewa er
plume.  However, it is apparent that RWT can provide valuable qualitative information with regards to 
plume migration patterns.  Preferential flow paths, general flow directions, and potential channelization at 
the field site can be identified by using RWT. It is important that the benefits and limitations of RWT as a 
conservative tracer be seriously considered prior to field implementation in order to effectively and fully 
meet the goals of the project.   
Chapter 3: Evaluation of the Marshland Upwelling System for the Removal of Fecal 
Coliform Bacteria from Domestic Wastewater 
 
3.1 Introduction 
The success of an onsite wastewater treatment system is generally measured by its ability to 
reduce effluent concentrations of pathogens and biochemical oxygen demand (BOD) from domestic 
wastewater sources.  Retention and ultimate biodegradation of wastewater pathogens is essential in 
preventing contamination of local groundwater and surface water bodies.  In most cases, these waters 
provide a multitude of public, economic, and recreational benefits on local and state-wide scales.  However, 
long-term bacterial contamination from non-point sources such as malfunctioning onsite systems can 
negate these benefits and introduce serious public health concerns.  Septic systems have been identified as 
the third most common source of groundwater contamination (USEPA, 1996).  It is estimated that 168,000 
viral and 34,000 bacterial illnesses occur each year as a result of water consumption from contaminated 
groundwater well sources (USEPA, 2000a).  
Conventional onsite treatment systems such as septic systems can provide effective treatment of 
domestic wastewater when properly operated and maintained on a regular basis (USEPA, 1999a).  Septic 
systems are used by approximately 1/5 of the United States’ population as a means of decentralized 
treatment (Scandura and Sobsey, 1997).  Although government guidelines for effective operation are well-
documented and readily available (USEPA, 2000b; 1999a; 1999b; 1980), it is estimated that 20 to 30% of 
all existing septic systems experience some level of failure during their design life (NSFC, 1996).  In most 
cases, improper siting, design, and/or maintenance are identified as the leading causes of failure (USEPA, 
1999a).  For effective wastewater treatment, septic systems require relatively permeable, unsaturated soil 
conditions at adequate distances from potential drinking water wells and surface water bodies (USEPA, 
1999b).  However, in many cases, the communities and individual dwellings that require decentralized 
treatment are located in regions of limited hydraulic gradient, poor soil conditions (i.e. high amounts of 
clay), and high groundwater levels.  In fact, it is estimated that only 32% of the United States’ total land 
area contains soils suitable for wastewater treatment by septic systems (USEPA, 1999b).  Without proper 
soil and hydraulic conditions, untreated wastewater can pond at the surface of absorption fields and lead to 
the transport of fecal pathogens to nearby water bodies by overland flow (USEPA, 1999a).  Nationally, 
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5,281 water bodies were reported to have pathogen levels exceeding their designation criteria (USEPA, 
1998). 
Migration of pathogenic bacteria under subsurface conditions has been the focus of numerous 
studies, often focusing on the performance of septic systems and other decentralized treatment methods 
(e.g. Postma et al. 1992; Brown et al., 1979; Ziebell et al., 1974; Bouma et al.,1972).  Like most onsite 
systems, septic systems rely primarily on the soil matrix (i.e. absorption field) for the removal of fecal 
pathogens from influent wastewater. Generally, the septic tank offers limited fecal pathogen retention, with 
the exception of those bacterial cells attached to larger settlable solids.  Retention of bacteria within the 
absorption field is achieved by the physical/chemical filtration properties of the soil media while future 
decomposition is governed by a combination of chemical and biological reactions (Hagedorn et al., 1981). 
The bacterial retention properties of the media are often enhanced by the development of a thin biological 
mat at the interface of the distribution line and absorption field media (Hagedorn, 1984).  Studies by Ziebell 
et al. (1974) and Bouma et al. (1972) found that depths of only 38 and 61 cm below the distribution line, 
respectively, were required to cause significant reductions in influent bacterial concentrations (as cited in 
Hagedorn et al. 1981).  Likewise, Brown et al. (1979) concluded that 120 cm of media (soils of 8, 41, and 
80% sand) was sufficient to minimize groundwater contamination.  In the same study, the number of 
positive fecal detections below the septic line decreased over the course of the study, suggesting increased 
biofilm growth and higher bacterial retention over time.  
The marshland upwelling system (MUS) was developed as an alternative method of wastewater 
treatment for coastal regions of poor hydraulic and soil conditions.  Fine-textured coastal soils, like those 
found along the Gulf of Mexico (e.g. clays and silts), offer limited water conductivity and can severely 
hinder the treatment capacity of a septic absorption field (Battelle, 1999). The MUS relies on two factors 
for effective operation: 1) the saline groundwater and 2) the filtration properties of the native soil matrix.  
Domestic wastewater (black and grey) derived from coastal dwellings is intermittently injected into the 
marsh subsurface via a shallow injection well. Shallow injection of wastewater into the marsh subsurface 
does not pose drinking water quality concerns since the resident saline water is not a potable water source.  
Intermittent injection of wastewater enables dissipation of pressure derived during the injection cycle.  
Excessive pressure application can culminate in the development of pressure-induced channels that allow 
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direct transport of wastewater to the surface of the marsh (Watson Jr., 2000).  During injection, wastewater 
is dispersed radially within the subsurface from the point of injection by the force of the injection pump.  
During periods of system inactivity, migration of previously injected wastewater is controlled by buoyancy 
forces derived from density variations between the wastewater and the native saline groundwater. Higher 
density gradients (i.e. higher background salinity concentrations) result in greater vertical transport of 
wastewater while reductions in background salinities due to tidal variations and groundwater infiltration 
promote increased lateral transport (Figure 3.1).  As wastewater percolates upwards due to buoyancy 
forces, filtration and/or biodegradation of solids and fecal pathogens occurs, creating effluent water of 
improved quality. Transport and treatment of wastewater within the MUS is analogous to that of an upflow 
filtration system (Watson Jr., 2000).  
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Figure 3.1 – The experimental marshland upwelling system consists of an injection well surrounded by a 
series of monitoring wells, positioned at various depths 
 
The main objectives of this study were to: 1) evaluate the treatment efficacy of the MUS in 
removing fecal coliform bacteria from injected domestic wastewater, 2) determine loading rates (i.e. 
hydraulic, bacterial, and solids) for conditions at the current field site, and 3) document the transport 
potential of fecal bacteria under varying subsurface conditions.  Up to this point, the MUS has been 
implemented in two coastal regions with similar water quality issues but differing subsurface regimes.  
Although system evaluation was limited to the current MUS project, select field observations and data from 
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the previous study were used for comparative purposes throughout the paper.  In-depth evaluation of the 
previous MUS study is detailed in Watson Jr. and Rusch (2002; 2001).   
3.2 Materials and Methodology 
3.2.1 Field Site Description 
The experimental MUS is located in a saline Juncus marsh within the Grand Bay National 
Estuarine Research Reserve (NERR), Moss Point, Mississippi.  The field site lies in close vicinity to Bayou 
Cumbest, a 5.6 km channel that extends to the Gulf of Mexico.  Bayou Cumbest is classified as a shellfish 
harvesting water body, which requires median fecal coliform concentrations below 14 most probable 
number of colonies (MPN) per 100mL, as specified by the National Shellfish Sanitation Program (NSSP) 
(MSU, 2000; USFDA, 2000) (Table 3.1).  Fecal coliforms are an indicator of the presence of pathogenic 
organisms originating from human and animal sources (MSU, 2000).  Bayou Cumbest and the surrounding 
watershed are home to approximately 50-60 residences, with 45 of the residences located directly along the 
banks of the bayou (MSU, 2000).  Most of the residences employ conventional septic systems as a means 
of onsite wastewater treatment.  However, declining water quality within the watershed led to an 
investigation of the operating condition of the treatment systems.  The resulting survey, conducted by the 
Mississippi Department of Health, found a majority of the residences had systems that malfunctioned to 
various degrees (MSU, 2000). In 1996, Bayou Cumbest was ranked as the most impaired water body in the 
Mississippi 1996 List of Impaired Waterbodies (MDEQ, 1996).  The ranking was based on the degree of 
fecal contamination as well as the bayou’s importance as a source of aquatic life, shellfishing, and 
recreation (MSU, 2000). 
Table 3.1 – Fecal Bacteria Water Quality Standard for Shellfish Harvesting Waters (USFDA, 2000) 
Water 
Classification 
Description FC Limit 
(MPN/100mL) 
Additional Criteria 
Shellfish 
Harvesting 
Waters used for harvesting 
shellfish for sale or use as a 
food product 
14 a 
 
10% of samples shall not exceed 
43 FC/100mL in areas most 
probably exposed to fecal 
contamination 
 a Median value 
 
The previous MUS was housed at the Louisiana Universities Marine Consortium (LUMCON) 
satellite camp in Port Fourchon, Louisiana.  The site lies within the Barataria-Terrebonne National Estuary, 
a region known for its rich shellfish-harvesting waters.  However, increased land development in 
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combination with insufficient or malfunctioning decentralized treatment systems has resulted in a rise in 
the number of harvesting site closures (Battelle, 1999).  The waters surrounding the LUMCON camp are 
permanently closed to shellfish harvesting due to fecal coliform levels exceeding NSSP regulatory limits.  
A 1990 survey conducted by the Louisiana Department of Health and Hospitals (LDHH) Oyster Water 
Monitoring Program revealed that approximately 46% of the camps and 42% of the residences within a 
section of the Barataria-Terrebonne National Estuary experienced sewage discharge violations (Kilgen and 
Kilgen, 1990).    
The marsh surfaces at both field sites are composed of a dark, highly organic soil consistent with 
the Scatlake series soils commonly observed in coastal saline marshes.  Scatlake soils are clayey, semifluid, 
mineral soils that are generally poorly drained due to limited slope conditions (USDA, 1984).  These soils 
have a high shrink-swell potential (due to the clay component), which can severely affect the soil’s 
permeability (USDA, 1984).  The Scatlake surface soils extend to a depth of 0.9 to 1.2 m at both field sites.  
In contrast, the underlying media (depths greater than 1.2 m) at the two sites are composed of different 
materials.  The subsurface at the Grand Bay MUS site consists of several distinct strata.  As depth 
increases, the marsh organic layer is gradually replaced by a more compact sand/clay mixture (Table 3.2a).  
At depths approaching 2.4 m, high percentages of clay are observed followed by increasing sand 
percentages to injection well depth.  Conversely, the subsurface at the Port Fourchon MUS field site is 
more homogenous showing little variation in soil type with increasing depth.  Beyond a depth of 1.2 m, the 
subsurface consists mainly of sand, with limited amounts of clay (Table 3.2b).  Soil classification for the 
Grand Bay field site was performed using a continuous intrusion cone penetrometer (CICP) in combination 
with separate soil borings.  The CICP provides an indication of the soil types present in the subsurface 
based on the resistance of the subsurface materials to the penetrating apparatus.  Soil identification at the 
Port Fourchon site was achieved by classifying samples from hand-augered soil borings.  Soil samples 
representing each depth interval consisted of a series of subsamples collected over the length of the depth 
interval.  Sieve (ASTM C117, C136) and hydrometer analyses (ASTM D422) were performed to identify 
the amount of sand, silt, and clay present at various depth intervals (Bardet, 1997; ASTM, 1995).  In 
addition, fraction of organic carbon (ASTM D2974) was determined for surface and injection-depth 
samples at the Grand Bay site (Appendix A). 
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Table 3.2a – Selected Properties of Field Soil at Various Depths (Grand Bay NERR, MS) 
Property Units Depth Interval (m) 
  0 – 1.2 1.2 – 2.4 2.4 – 3.0 3.0 – 3.8 
Sand content % 44 37 62 86 
Silt % 44 40 23 9 
Clay % 12 23 15 5 
Mean grain size diameter (d50) mm 0.10 0.04 0.10 0.16 
Uniformity coefficient (d60/d10)  -- a -- a -- a 1.08 
Fraction of organic content (foc) % 9.0 ± 0.5 N/A N/A 0.5 ± 0.1 
 a Unable to calculate d10 values 
 N/A – Not analyzed 
 
Table 3.2b – Selected Properties of Field Soil at Various Depths (LUMCON, LA) 
Property Units Depth Interval (m) 
  0 – 1.2 1.2 – 2.4 2.4 – 3.6 
Sand content % 59 87 89 
Silt % 22 8 8 
Clay % 19 5 4 
Median grain size diameter (d50) mm 0.16 0.18 0.18 
Uniformity coefficient (d60/d10)  -- a 1.57 1.83 
 a Unable to calculate d10 values 
 
3.2.2 System Operation 
The Grand Bay MUS serves as a means of domestic wastewater treatment for two privately-owned 
camps (Camps 1 and 2) and a public restroom facility (Figure 3.2). Generally, Camp 1 and the public 
restroom provide the majority of the wastewater entering the system, with Camp 2 seeing limited use on an 
annual basis.  The MUS consists of one 3.8 m deep injection well surrounded by 21 observation well 
groups positioned radially around the injection well at depths of 1.5, 2.3, and 3.0 m (Figure 3.3). The 
observation wells enable monitoring of wastewater plume development at various depths within the 
subsurface.  Detailed schematics of the injection and monitoring wells are presented in Chapter 1.  Three 
additional wells (at the same depths mentioned above) were installed away from the injection site to 
monitor background conditions within the subsurface over the length of the study (Table 3.3).  Outer 
monitoring wells Q-U (depths of 1.5 and 3.0 m) were installed three months after system initiation to 
enable continued monitoring of wastewater plume expansion.  A series of storage tanks and distribution 
lines are used to transport wastewater from the camps and restroom to the marsh area.  Wastewater from 
Camp 1 and the restroom are temporarily stored in a buried 208-L holding tank (Tank 1) where preliminary 
sedimentation of larger solids takes place.  Wastewater is then pumped to the aboveground main holding 
tank (Tank 2) (1,325 L), via a submersible pump, and combined with wastewater derived from Camp 2.  
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Figure 3.2 – Wastewater from Camp 1, Camp 2, and the public restroom (PR) are collected and transported 
to the injection site (X) via a series of holding tanks and buried PVC lines. 
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Figure 3.3 – The MUS consists of one injection well (?) and 28 monitoring wells at depths of 1.5 m (?), 
2.3 m (?), and 3.0 m (?). 
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Additional solids separation from the bulk wastewater occurs within the larger tank prior to wastewater 
injection into the marsh subsurface.  Total volumes of wastewater injected into the marsh were recorded by 
means of an in-line water meter.  Continuous monitoring of subsurface pressures during injection was 
performed using an automated pressure transducer and data logger.  Pump placement and other injection-
related specifications are detailed in Chapter 1.  Wastewater collected in the main holding tank is 
considered the influent to the system.  Due to concerns with external contamination of surface water from 
tidal fluctuations and wildlife, the wells closest to the surface of the marsh (1.5 m wells) are considered the 
effluent to the system.  It must be stressed, however, that effluent values reported herein are conservative in 
nature and do not reflect the treatment potential of the upper 1.5 m of marsh subsurface or vegetation. 
Table 3.3 – Selected Background Field Properties 
   Surface  Subsurface Water 
Property Units n Water n 1.5 m 2.3 m 3.0 m 
Salinity ppt 32 17.1 ± 7.3 15 31.7 ± 3.4 30.3 ± 3.7 30.9 ± 3.6 
pH  28 7.5 ± 0.4 14 6.5 ± 0.2 6.6 ± 0.1 6.8 ± 0.3 
Temperature oC 27 24.1 ± 6.8 14 21.8 ± 2.7 22.1 ± 2.6 22.9 ± 2.7 
 
System operation of the current MUS began in June 2001. Over the course of the study, the impact 
of varying injection flowrates on the treatment efficacy of the MUS was examined.  Flowrates of 1.9, 2.8, 
and 5.5 L/min at an injection frequency of 30 minutes every three hours were tested.  The effect of a shorter 
injection frequency (15 minutes every hour) at a flowrate of 2.8 L/min was also examined.  A biweekly 
sampling scheme was selected to monitor development of the injected wastewater plume within the marsh 
subsurface and the treatment efficacy of the system as a whole.  In-situ water quality parameters including 
salinity, water temperature, dissolved oxygen, and pH were monitored at each observation well and the 
influent wastewater tank.  Monitoring variations in salinity and pH within the MUS subsurface has been 
shown to approximately delineate the wastewater plume for previous MUS studies (Watson Jr., 2000; 
Stremlau, 1994).  Surface water samples were also collected at a single location upstream from the site to 
monitor background conditions over the length of the study (Table 3.3). 
Monitoring wells were sampled based on a set pattern, with the wells closest to the injection point 
being sampled every event (wells A-D) and the remainder being sampled on an alternating basis.  Samples 
from the selected monitoring wells and the influent tank were analyzed for fecal coliforms (Procedure 9222 
D), 5-day carbonaceous BOD (CBOD5) (5210 B), total and volatile suspended solids (influent only) (2540 
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D & E), and nutrients including total phosphorus (4500-P), ortho-phosphate (4500-P E), total ammonia-
nitrogen (4500-NH3 D), total kjeldahl nitrogen (4500-Norg C), and nitrate- (4500-NO3- C) and nitrite-
nitrogen (4500-NO2- B) (APHA, 1998).  With the exception of fecal coliforms, only the influent results of 
the above water quality parameters are presented in this paper.  Field data from the Grand Bay field site are 
presented in Appendices F and G.  Fecal coliform analysis and enumeration of samples was performed 
using the membrane filtration technique.  This procedure accommodates larger sample volumes and yields 
faster numerical results than the multiple-tube fermentation technique, the basis for the 14 MPN standard 
(APHA, 1998).  Although it is recognized that results from each technique are not interchangeable due to 
variations in method, for the purpose of this paper, effluent results were directly compared to the regulatory 
standards.  All water samples were collected, stored, and transported as per standard protocol (APHA, 
1998).  
Operation of the Port Fourchon MUS study occurred between January 1999 and December 2000.  
The system consisted of a deeper injection well (4.6 m) surrounded by 18 monitoring well groups at depths 
of 1.5, 3.0, and 4.6 m.  In much the same manner as the Grand Bay MUS, wastewater was temporarily 
stored then transported to the marsh via an injection line, and finally injected to depth.  Three injection 
flowrates were investigated over the two-year study, with superior performance observed at a flowrate of 
1.9 L/min at an injection frequency of 30 minutes every three hours (Watson Jr. and Rusch, 2001; Watson 
Jr., 2000).  Data collected at this flowrate were used for comparative purposes in this paper.  
All statistical analyses performed on the data (i.e. regression, t-tests, nonparametric analyses) 
utilized standard statistical features offered in Microsoft Excel 2000 and SAS Version 8.0.  Mean fecal 
coliform concentrations and other in-situ parameters were determined by averaging over the number of 
sampling events (n) within a given flowrate study.  Although regulatory standards for fecal coliforms are 
generally presented as geometric means, all mean fecal coliform concentrations were calculated in 
arithmetic form.  Calculation of geometric mean concentrations would require elimination of all zero fecal 
counts, thus skewing the observed data set.  All statistical output are presented in Appendix E. 
 44 
3.3 Results and Discussion 
3.3.1 Fecal Coliform Removal 
Over the course of the study, a total volume of 71,559 L of settled wastewater was injected into 
the marsh subsurface (Table 3.4).  Fecal coliform concentrations for the influent wastewater ranged from 
800 to 9,600,000 colonies per 100mL, with a mean value of 717,000 ± 2,123,000 colonies per 100mL.  
Although dramatic variations in influent fecal counts existed between sampling events, no definitive 
seasonal trends were noted.  Influent water quality at the site is presented in Table 3.5 along with typical 
reported ranges for domestic wastewater.  The majority of the influent parameters (particularly fecal 
coliforms and nutrients) either exceed or lie within the upper range of the standard reported values, 
indicating a raw wastewater of medium to high strength at the field site (Metcalf and Eddy, 1991). 
Table 3.4 – Injection Flowrates and Frequencies Employed over the Course of the Study 
Study Period 
(mm/dd/yy) 
Elapsed 
Time 
(days) 
Injection 
Flowrate 
(L/min) 
Injection 
Frequency 
Volume of 
WW Injected 
(L) 
Theoretical 
Hydraulic Loading 
Rate (L/d)a 
06/21/01 – 09/17/01 88 1.9 30 min every 3 hrs 13,215 454 
09/17/01 – 11/05/01 49 5.5 30 min every 3 hrs 7,737 1,272 
11/05/01 – 03/18/02 133 2.8 30 min every 3 hrs 41,511 681 
03/18/02 – 05/22/02 65 2.8 15 min every hr 9,096 1,022 
a Assumes an adequate volume of wastewater is present in holding tank to trigger injection 
 
Table 3.5 – Influent Wastewater Parameters 
Parameters Units n Results 
Typical 
Wastewater a 
Fecal coliform colonies/ 
100mL 22 
717,000 ± 
2,123,000 10
4 – 105 
CBOD5 mg/L 21 259 ± 161 110 – 400 
TSS mg/L 22 182 ± 208 100 – 350 
VSS mg/L 21 139 ± 163 80 – 275 
Total ammonia  mg/L - N 18 111 ± 62 12 – 50 
Total kjeldahl nitrogen mg/L - N 18 115 ± 70 8 – 35 
Nitrate mg/L - N 13 0.04 ± 0.037 0 
Nitrite mg/L - N 17 0.1 ± 0.15 0 
Total phosphorus mg/L - P 17 16.2 ± 10.0 4 – 15 
Ortho-phosphate mg/L - P 15 11.7 ± 7.0 1 – 5 
a Metcalf & Eddy, 1991  
 
A total of 476 samples were retrieved from selected monitoring wells and analyzed for the 
presence of fecal coliforms.  Of the 476 samples, 118 (24.8% of total) returned positive results, with 52 
(10.9% of total) of those samples exceeding the water quality standard for shellfishing waters.  The number 
of effluent (1.5 m wells) samples exceeding 14 colonies per 100mL was limited to 16 (total of 171 effluent 
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samples), with the majority occurring during the initial stages of system operation.  Overall, effluent fecal 
concentrations were significantly less (p<0.0001; α=0.05) than background levels of Bayou Cumbest.  The 
observed difference in water quality provides some indication of the positive bacterial retention capabilities 
of the marshland media.  Of the 20 samples collected from the bayou over the course of the study, 13 had 
fecal counts exceeding water quality criteria, reconfirming the water impairment of the region. 
In general, fecal coliform concentrations (event-averaged) within the MUS decreased with 
increasing vector distance from the injection point (Figure 3.4).  Vector distance is defined as the most 
direct transport pathway from the base of the injection well to a given monitoring well.  As expected, the 
monitoring wells closest to the injection well (wells A-D3.0 at a vector distance (VD) of 1.4 m) returned 
the highest fecal coliform concentrations.  Mean fecal counts in the inner wells ranged from 63 to 210 
colonies per 100mL, which corresponds to a three- to four-log decrease in mean influent concentrations 
over only 1.4 vector meters of saturated media.  Only one instance of fecal coliform detection was recorded 
at outer wells I-L3.0 (VD=2.6 m) and Q-U3.0 (VD>6 m) over the course of the study, although variations 
in salinity and pH (as well as RWT detection (Chapter 2)) suggested the presence of wastewater.  The 
overall mean fecal count at the effluent of the system (1.5 m wells) was 13 ± 8 colonies per 100mL.   
The outer wells, furthest from the injection point (Q-U1.5), showed occasional instances of high 
fecal coliform concentrations over the length of the study.  Since these wells were positioned over 6 vector 
meters from the base of the injection well, the presence of fecal bacteria originating from the influent 
source was unlikely (particularly when limited fecal coliforms were detected at wells I-L3.0 and Q-U3.0).  
One potential explanation for the sporadic elevated fecal counts is surface contamination during high tidal 
periods.  It is plausible that impaired surface water from Bayou Cumbest was transported along the marsh 
surface during high tidal periods and eventually infiltrated the upper subsurface media.  Surface water 
penetration into the shallow subsurface may have been expedited by transport along the outside of the 
monitoring well casing, creating falsely elevated fecal coliform levels at monitoring wells Q-U1.5.  During 
high tidal periods (as observed during the month of April), salinity levels at these wells followed salinity 
trends observed for the surface water, suggesting the potential for communication between the surface and 
subsurface waters (Figure 3.5).  In addition, no substantial changes in pH or RWT detection were observed 
at the outer 1.5 m wells throughout the course of the study, again emphasizing the unlikelihood of 
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Figure 3.4 – Fecal coliform removal with respect to vector distance from the injection well at injection 
flowrates of a) 1.9 L/min (30min/3hr), b) 2.8 L/min (30min/3hr), and c) 2.8 L/min (15min/hr).  Each data 
symbol represents the event-mean fecal coliform concentration at a given vector distance from the injection 
well. 
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wastewater transport to wells Q-U1.5.  Eliminating the fecal counts observed at wells Q-U1.5 reduces the 
overall mean effluent fecal concentration to 11 ± 8 colonies per 100mL. 
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Figure 3.5 – Evidence of potential surface water contamination at monitoring wells Q-U. 
 
For each injection flowrate tested, a three- to five-log reduction in influent fecal concentration was 
observed at the 3.0 m deep wells (Table 3.6).  Continued bacterial retention was noted between the 3.0 m 
wells and the shallower 2.3 m and 1.5 m wells.  In general, subsurface fecal concentrations during the 1.9 
L/min study were an order of magnitude higher than the 2.8 L/min study (30 min every 3 hr), potentially 
reflecting the difference in influent concentrations observed during the two flowrate studies.  The 
difference in subsurface concentrations may also be a function of the order in which each flowrate was 
investigated.  Increased solids accumulation and biofilm growth at the time of the 2.8 L/min study may 
have improved the filtration effects of the subsurface media.  Injection pressures recorded for each study 
support this theory.  Injection pressures from the 1.9 L/min study ranged from 5.3 to 36 kPa (mean of 24 
kPa) while pressures during the 2.8 L/min study ranged from 44 to 145 kPa (mean of 89 kPa).  The higher 
injection pressures associated with the 2.8 L/min study may be the result of the increased flowrate 
combined with the overall decrease in the retention capacity of the soil due to higher subsurface solids 
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accumulation.  Pressure profiles for both flowrates exhibited a gradual increasing trend over the length of 
the injection period, suggesting some level of pressure accumulation within the subsurface (Figure 3.6).  
Increasing the frequency of injection (15 minutes every hour) during the 2.8 L/min study did not appear to 
have an effect on the magnitude of fecal concentrations at each depth.  However, influent fecal counts were 
an order of magnitude lower during the higher injection frequency, suggesting a lower treatment potential.  
Maximum injection pressures ranged from 60 to 125 kPa (mean of 93 kPa), slightly higher than the 
pressures recorded for the 2.8 L/min (30 min every 3 hr) study.  Again, the higher injection pressures may 
reflect the cumulative deposition of injected solids and subsequent reduction in pore space. 
Table 3.6 – Depth-Dependent Fecal Coliform Concentrations for Specific Flowrates 
 Mean Fecal Coliform Concentration (colonies/100mL) 
Sampling 
Location 
1.9 L/min 
(n = 6) 
2.8 L/min 
(n = 10) 
2.8 L/min a 
(n = 4) 
5.5 L/min 
(n = 2) 
1.9 L/min b 
(n = 14) 
Influent c 1,860,000 ± 
3,825,000 
62,000 ± 
101,000 
12,900 ± 
13,200 
1,960,000 930,000 ± 
650,000 
3.0 m Wells d 174 ± 54 80 ± 53 4.1 ± 1.5 67 12 ± 23 
2.3 m Wells d 15 ± 11 20 ± 19 0.3 ± 0.1 0.3 -- 
1.5 m Wells d 37 ± 29 2.7 ± 0.9 1.0 ± 1.0 0.5 4.7 ± 16.1 
Surface Water c (n = 4) 
131 ± 84 
(n = 10) 
26 ± 29 
(n = 4) 
90 ± 104 
(n = 2) 
43 
(n = 13) 
74 ± 63 
n represents the number of sampling events during each flowrate study 
a Injection frequency of 15 minutes every hour 
b Watson Jr. and Rusch, 2001 
c Values are presented as mean ± standard deviation, d Values are presented as mean ± standard error 
 
 
Injection Pressure (psi) 
Figure 3.6 – A typical injection pressure profile shows a drastic rise in pressure followed by a gradual 
increase in pressure over the given injection period (30 minutes) due to pressure accumulation.  Cessation 
of the injection cycle results in rapid pressure dissipation. 
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A maximum flowrate of 5.5 L/min was investigated in an attempt to characterize the hydraulic 
loading limit of the system.  As expected, the higher flowrate resulted in an increase in injection pressure 
(77 to 151 kPa, mean of 114 kPa), approximately 5 times greater than the 1.9 L/min flowrate.  Acute 
hydraulic failure of the MUS was observed after approximately one month of intermittent injection at the 
maximum flowrate.  Acute failure refers to the development of temporary pressure-induced seams in the 
soil matrix that allow direct transport of wastewater to the surface of the marsh (i.e. channelization) during 
a given injection cycle.  The resulting pressure profiles for the maximum injection study showed a similar 
pattern to those recorded for the 1.9 and 2.8 L/min flowrate studies.  Concerns of permanent channelization 
and development of weak zones within the media (as a result of excessive hydraulic loading) led to the 
replacement of the maximum injection study with a lower flowrate (2.8 L/min, 30 minutes every 3 hours). 
No future instances of wastewater channelization were noted during operation at the lower flowrate.  
Effluent fecal coliform concentrations were expected to increase dramatically in response to the maximum 
injection study.  Results from the Port Fourchon site showed a greater degree of bacterial penetration, with 
elevated counts detected at outer 1.5 m wells where no previous detections had been observed (Watson Jr. 
and Rusch, 2001).  In contrast, low fecal counts were recorded at the 2.3 m and 1.5 m deep wells at the 
Grand Bay site during the maximum flowrate study (Table 3.6).  It is hypothesized that the unexpected low 
concentrations were the result of the observed wastewater channelization.  The development of pressure-
induced channels may have directed wastewater to the surface of the marsh, completely bypassing the 
monitoring wells. 
For each flowrate study, the decreasing trend in influent fecal coliform concentrations with respect 
to vector distance can be represented by a first-order decay relationship (Figure 3.4).  The resulting removal 
rate constants (slope of the regression lines) were used to describe the filter efficiency of the soil over a 
given flow length (Matthess et al., 1988).  First-order rate constants ranged from 4.0 to 5.0 m-1 for each 
flowrate tested.  Comparison of the removal rates revealed no significant variations in filter efficiency with 
respect to injection flowrate (α=0.05).  Based on these removal rates and an influent fecal concentration of 
717,000 colonies per 100mL, injected wastewater was predicted to be essentially free of fecal coliform 
bacteria upon arrival at the surface of the marsh (3.8 vector meters of travel distance) (Table 3.7).  
Assuming linear transport from the injection point to the surface of the marsh, only 2.2 – 2.7 vector meters 
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(58 - 71% of the media within a given transport pathway) was required to reduce fecal coliform 
concentrations below the NSSP standard.  Fecal detections at wells Q-U were not included in calculation of 
the predicted travel distances due to concerns of surface contamination, previously discussed.  Comparison 
of the 1.9 L/min removal rates for both field sites revealed that an additional vector meter of treatment 
media was required (70% of the total media) at the Port Fourchon site to meet NSSP standards.  Higher 
levels of clay and fine-textured soils may explain the improved filtration observed at the Grand Bay field 
site.  Clays are very effective at retaining bacteria due to their small size and large specific surface area 
(McDowell-Boyer et al., 1986; Corapcioglu and Haridas, 1984; Gerba et al., 1975). 
Table 3.7 – Predicted Fecal Coliform Removal as a Function of Distance from Injection Point 
Injection 
Flowrate 
(L/min) 
First Order 
Rate Constant 
(m-1) 
Predicted Surface 
Concentration  
(col./100mL) 
Predicted Travel 
Distance  
(m)a 
  1.9 5.0 0.004 2.2 
  1.9 b 3.5 0.10 3.2 
  2.8 4.1 0.12 2.7 
  2.8 c 4.0 0.20 2.7 
 a Distance required to reduce overall mean fecal coliform concentration to less than 14 MPN/100mL 
 b Watson Jr. and Rusch, 2001 
 c Injection frequency of 15 minutes every hour 
 
3.3.2 System Loading Rates 
Direct comparison of system performance (i.e. fecal reductions) with respect to each flowrate 
study is not possible due to varying field conditions over the course of the study.  Variations in influent 
counts and wastewater volumes, accumulation of injected solids, changes in water temperature, tidal 
patterns, and groundwater flow have the potential to impact subsurface fecal counts within a given flowrate 
study.  Water temperatures and pH recorded during the 1.9 and 2.8 L/min (30 min / 3 hr) studies were 
determined to be statistically different (α = 0.05), suggesting the potential for temperature-and pH related 
impacts on the viability of subsurface fecal populations (Tables 3.8b and c) (Van Donsel et al. 1967; 
Cuthbert et al., 1950).  No significant differences were observed (α = 0.05) between the event- and depth-
averaged salinity concentrations of each flowrate study (Table 3.8a).  Without accurate quantification of all 
external effects, direct comparison of fecal concentrations for each flowrate study would be misleading.  
However, comparisons of system performance can be made with respect to daily hydraulic, bacterial, and 
solids loading rates (Table 3.9).  Mean hydraulic loading rates (HLRs) over the flowrate studies ranged 
from 142 to 234 L/d, dramatically less than their respective theoretical HLRs (Table 3.4), which assume a 
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continuously adequate wastewater supply.  The highest mean HLR was observed during the 2.8 L/min (30 
min every 3 hr) injection study.  Likewise, the greatest solids loading rate (SLR) was recorded at this 
injection flowrate and frequency.  Although bacterial loading rates at the 2.8 L/min flowrate were less than 
the 1.9 L/min study, the observed removal efficiencies were similar, revealing the system’s ability to 
continue adequate bacterial treatment even under increased hydraulic and solids loadings.  Wastewater 
injection at a flowrate of 2.8 L/min (30 min / 3 hr) appeared to offer the best treatment scenario while 
minimizing the likelihood of system failure.  Low hydraulic, bacterial, and solids loading during the 2.8 
L/min (15 min / hr) prevented an effective assessment of system performance at the higher injection 
frequency. 
Table 3.8a – Depth-Dependent Salinity for Specific Flowrates 
 Mean Salinity Concentration (ppt) 
Sampling Location 1.9 L/min (n = 9) 
2.8 L/min 
(n = 10) 
2.8 L/min a 
(n = 4) 
5.5 L/min 
(n = 3) 
3.0 m Wells 11.9 ± 1.5 13.2 ± 1.0 12.7 ± 2.4 10.8 ± 1.2 
2.3 m Wells 21.2 ± 1.3 24.8 ± 0.8 21.2 ± 1.3 21.4 ± 2.1 
1.5 m Wells 21.9 ± 1.1 27.2 ± 0.5 23.5 ± 1.7 24.3 ± 3.4 
Surface Water 10.9 ± 4.5 22.0 ± 7.2 14.0 ± 7.5 24.1 ± 3.0 
Note: Salinity concentration of influent not measured 
a Injection frequency of 15 minutes every hour 
 
Table 3.8b – Depth-Dependent pH values for Specific Flowrates 
 Mean pH values for Specific Flowrates 
Sampling Location 1.9 L/min (n = 6) 
2.8 L/min 
(n = 10) 
2.8 L/min a 
(n = 4) 
5.5 L/min 
(n = 2) 
Influent 7.58 ± 0.28 8.04 ± 0.61 7.35 ± 0.33 8.16 
3.0 m Wells 6.70 ± 0.11 6.85 ± 0.05 6.82 ± 0.05 6.90 
2.3 m Wells 6.41 ± 0.06 6.72 ± 0.05 6.77 ± 0.07 6.67 
1.5 m Wells 6.30 ± 0.06 6.54 ± 0.04 6.54 ± 0.03 6.44 
Surface Water 7.11 ± 0.43 7.62 ± 0.37 7.42 ± 0.09 7.16 
a Injection frequency of 15 minutes every hour 
 
Table 3.8c – Depth-Dependent Temperatures for Specific Flowrates 
 Mean Temperatures for Specific Flowrates (oC) 
Sampling Location 1.9 L/min (n = 6) 
2.8 L/min 
(n = 10) 
2.8 L/min a 
(n = 4) 
5.5 L/min 
(n = 2) 
Influent 27.1 ± 0.5 18.4 ± 5.9 24.3 ± 3.0 19.0 
3.0 m Wells 24.1 ± 0.3 19.9 ± 0.9 20.4 ± 0.6 23.3 
2.3 m Wells 24.9 ± 0.4 18.9 ± 0.8 20.8 ± 0.7 23.4 
1.5 m Wells 25.1 ± 0.3 18.6 ± 0.8 20.6 ± 0.8 23.5 
Surface Water 30.6 ± 3.5 17.7 ± 6.0 24.8 ± 2.0 25.2 
a Injection frequency of 15 minutes every hour 
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Table 3.9 – Daily Hydraulic, Bacterial, and Solids Loading Rates for Influent Wastewater 
     Solids Loading Rate 
Injection 
Flowrate 
(L/min) 
Hydraulic Loading 
Rate 
(L/d) 
Bacterial 
Loading Rate 
(col./d) x 106 
Total Suspended 
Solids 
(mg/d) x 103 
Volatile Suspended 
Solids 
(mg/d) x 103 
1.9 0 – 568 [199] 0 – 14,602 [3,234] 65 – 232 [164] 53 – 155 [117] 
1.9 a 1 – 139 [66] 10 – 1,960 [620] 4.4 – 9.3 [7.6] 2.3 – 8.5 [3.1] 
2.8 0 – 736 [234] 4 – 3,087 [402] 0 – 6,323 [878] 0 – 5,120 [712] 
2.8 b 23 – 272 [142] 2 – 27 [16] 49 – 350 [200] 39 – 286 [162] 
[ ] mean values 
a Watson, Jr., 2000  
b Injection frequency of 15 minutes every hour 
 
The Grand Bay MUS was exposed to greater hydraulic, bacterial, and solids loading rates than the 
Port Fourchon site. Higher loading rates in combination with comparable fecal coliform reductions suggest 
greater treatment efficiency at the Grand Bay site.  Despite higher influent fecal loadings (order of 
magnitude difference), the Grand Bay system was predicted to meet NSSP standards over a shorter travel 
distance.  This improved treatment may be a function of the higher solids content within the injected 
wastewater as well as variations in soil type.  Greater solids loading may enhance the bacterial retention 
within the media and expedite biofilm development.  However, continued injection of solids-laden 
wastewater increases the likelihood of clogging and may ultimately reduce the design life of the system. 
3.3.3 Bacterial Migration 
The soil types and natural heterogeneities present within the marsh subsurface have a significant 
impact on the shape and development of the wastewater and bacterial plumes.  At the Grand Bay site, 
wastewater plume migration may be heavily influenced by the clay component of the deeper strata (Table 
3.2a).  The clayey sand layer located above the base of the injection well may act as a local aquitard, 
hindering the density-driven upward transport of the injected wastewater.  It is hypothesized that a large 
portion of the wastewater exiting the injection well becomes trapped below this layer and is eventually 
displaced laterally, towards the outer wells, by wastewater from future injection cycles and groundwater 
movement.  Filtration effects of the media surrounding the injection well hinder transport of fecal 
coliforms, resulting in separation of the wastewater and bacterial plumes.  Field observations and in-situ 
measurements support this theory.  Figure 3.7a presents the overall mean contours for the wastewater and 
bacterial plumes at a depth of 3.0 m.  It is clear from the contours that the wastewater plume extends well 
beyond the limits of the bacterial plume, confirming bacterial retention within the media.  Horizontal 
transport of bacteria appears to cease between inner wells A-D3.0 and wells I-L3.0, although variations in 
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pH and RWT concentration confirm the presence of wastewater beyond wells I-L3.0.  Migration of 
wastewater (and bacteria), however, is not completely isolated to the horizontal direction.  Some 
wastewater exiting the injection well finds seams in the sand/clay layer and proceeds vertically to shallower 
depths by pump-induced and buoyancy forces.  These seams are either natural instances of higher 
permeable material (natural heterogeneities) or are created by pressure forces from the injection process.  
Figure 3.7b shows the mean wastewater and bacterial plumes at a depth of 1.5 m.  The shape of the 1.5 m 
contours are skewed by the sporadic occurrences of bacterial penetration observed at well N1.5 over the 
course of the study.   
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(a) (b) 
Figure 3.7 – Overall mean wastewater and fecal coliform plumes at depths of 3.0m (a) and 1.5 m (b) for the 
Grand Bay MUS site. Coordinates (0,0) represent the injection point. 
 
Wastewater and bacterial transport within the Port Fourchon MUS was influenced to a greater 
degree by buoyancy forces rather than by media heterogeneities.  The larger percentage of sand and 
uniform nature of the media present at the site (Table 3.2b) resulted in a more ideally developed plume, one 
that gradually expanded with decreasing distance from the marsh surface (Watson Jr., 2000).  Limited 
changes in salinity and lack of fecal coliform detections at the 4.6 m deep wells suggested that initially 
wastewater was transported vertically from the base of the injection well with little, if any, migration in the 
horizontal direction.  At shallower depths, the injected wastewater showed greater lateral transport due to 
decreases in pore water salinity (from the presence of previously injected wastewater and natural salinity 
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gradients).  Fecal coliform bacteria were detected further from the injection source at depths of 1.5 and 3.0 
m (Watson Jr. and Rusch, 2001). Figures 3.8a and b present the overall mean contours for the wastewater 
and bacterial plumes at the 3.0 m and 1.5 m wells, respectively.  Distinct separation of the two plumes as 
observed at the Grand Bay site was not evident at a depth of 3.0 m.  
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(a) (b) 
Figure 3.8 – Overall mean wastewater and fecal coliform plumes at a depth of 3.0m (a) and 1.5m (b) for the 
LUMCON MUS site. Coordinates (0,0) represent the injection point. 
 
The number of fecal occurrences decreased over the duration of the study, suggesting greater 
bacterial filtration with time (Figure 3.9).  The filtration potential of the media within the MUS also 
appeared to be subject to an acclimation phase, resulting in greater occurrences and higher concentrations 
of fecal coliforms at shallower depths during early system operation. Sporadic penetration of wastewater 
and bacteria was observed at the 2.3 and 1.5 m wells with high counts (> 100 colonies per 100mL) 
generally recorded during initial months of operation.  Similarly, half of the total samples with fecal counts 
exceeding NSSP standards were retrieved within the first three months of system operation.  Field studies 
by Brown et al. (1979) found similar elevated fecal counts during initial operation of a septic absorption 
field.   
One possible explanation for the low removal efficiency observed during early time is inadequate 
solids retention and biofilm formation within the media immediately surrounding the injection well.  In 
essence, the initial phase of MUS operation can be likened to the ripening stage of a wastewater filter. 
 55 
 0
10
20
30
40
50
60
70
80
90
100
6/
21
/0
1
7/
02
/0
1
7/
10
/0
1
8/
14
/0
1
8/
23
/0
1
9/
05
/0
1
9/
17
/0
1
10
/2
2/
01
11
/0
5/
01
11
/1
9/
01
12
/0
3/
01
12
/1
6/
01
1/
08
/0
2
1/
21
/0
2
2/
04
/0
2
2/
18
/0
2
3/
05
/0
2
3/
18
/0
2
4/
02
/0
2
4/
15
/0
2
4/
29
/0
2
5/
22
/0
2
Sampling Date (mm/dd/yy)
Fe
ca
l C
ol
ifo
rm
 D
et
ec
tio
n 
(%
)
Positive FC Detection
FC Conc. > 14 colonies/100mL
 
Figure 3.9 – A decreasing trend in the number of fecal occurrences was observed over the course of the 
study.  Data from sampling dates where less than fifteen monitoring wells were sampled are excluded. 
 
Prior to system initiation, the subsurface exists in a state of natural equilibrium with limited changes to the 
pore structure and associated soil properties.  Commencement of wastewater injection introduces solids, 
attached and free-existing bacteria, organic matter, and various nutrients into the subsurface media.  
Generally, bacteria are not present in solution as individual particles but rather they adsorb to suspended 
solids (McDowell-Boyer et al., 1986) as well as adjacent bacterial cells (Costerton et al., 1978).  During 
initial system operation, accumulation of larger solids and organic matter occurs around the point of 
injection.  Bacterial cells attached to these solids and organic materials are subsequently retained and 
excluded from bulk wastewater flow.  Clustered bacterial cells and bacteria attached to finer solids are 
capable of greater penetration within the media through macropore pathways due to their small size with 
respect to the available pore space.  Macropore transport greatly reduces the overall bacterial removal 
capabilities of the soil matrix (Smith et al., 1985). Results from initial sampling events showed instances of 
high fecal coliform counts close to the injection point (wells A-D3.0) as well as in isolated shallower wells 
(wells B2.3, C2.3, N2.3, and N1.5).  As the duration of system operation increases, continued solids 
collection and bacterial colonization on the surface of the media grains reduces the pore size of the media 
around the injection well and creates a new straining surface for finer particles from injected wastewater 
(Gerba et al., 1975).  Eventually, pore pathways become clogged with solid and organic residue resulting in 
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the exploitation of previously unused pathways due to increased hydraulic pressures.  Confirmation of 
biofilm and solids accumulation was made at both field sites by the presence of a black organic material in 
the well screens closest to the point of injection.  Brown et al. (1979) also observed black organic deposits 
in several root channels after detailed soil excavation and examination.  
3.4 Conclusions 
The MUS has proven to be an effective onsite treatment alternative for the retention of fecal 
coliform bacteria from domestic wastewater sources, at the two field sites investigated.  Over the course of 
the study, numerous findings were made with respect to system evaluation, operation, and fecal coliform 
migration:   
1. Greater than 90% of the total effluent samples collected (including those suspected of surface 
contamination) had either zero fecal coliform counts or concentrations less than the NSSP standard (14 
MPN per 100mL). Effluent fecal counts (11 ± 8 colonies per 100mL) were significantly less than 
surface water levels of neighboring Bayou Cumbest.   
2. A large percentage of influent fecal bacteria were retained in close vicinity of the injection well.  
Three- to four-log reductions in influent fecal concentrations were achieved after only 1.4 vector 
meters of travel from the injection well.  Travel distances of only 2.2 – 2.7 vector meters (for all 
flowrates tested) were predicted to be required at the Grand Bay site to meet NSSP effluent standards. 
3. The 2.8 L/min injection flowrate study appeared to provide the best treatment scenario.  Adequate 
bacterial removal was observed without compromising system integrity.  Increasing the injection 
frequency at this flowrate resulted in slightly higher injection pressures, although system failure was 
not observed.  Maximum injection pressures within the subsurface increased in response to higher 
injection flowrates.  Acute hydraulic failure of the system was observed during a flowrate of 5.5 
L/min, resulting in wastewater channelization to the surface of the marsh.  
4. Subsurface fecal concentrations at both field sites (at a flowrate of 1.9 L/min) were comparable, 
although hydraulic, bacterial, and solids loading rates were higher for the Grand Bay MUS.  The 
improved treatment may be a function of higher solids loadings, soil type, and/or biofilm production at 
the Grand Bay site.    
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5. The number of fecal coliform detections decreased over the course of the study, suggesting improved 
filtration effects of the media immediately surrounding the injection point.  The higher counts observed 
during initial system operation were attributed to inadequate solids accumulation and biofilm growth. 
6. The extent of bacterial transport within the MUS (and thus the treatment efficacy) was highly 
dependent on the soil types residing within the marsh subsurface.  The clayey sand layer present at the 
Grand Bay field site appeared to act as a local aquitard, encouraging more lateral movement of 
wastewater than at the Port Fourchon site.  The effect of buoyancy forces on wastewater and bacterial 
transport, although present, appeared to be limited in comparison to soil permeability. 
 58 
Chapter 4: The Transport of Fecal Coliform Bacteria within the Subsurface of the 
Marshland Upwelling System 
 
4.1 Introduction 
The marshland upwelling system (MUS) was developed as an alternative onsite method for the 
treatment of domestic wastewater from coastal dwellings.  In essence, the MUS can be described as a 
natural filtration system, making use of the filtration properties of the marsh soil to retain bacteria, solids, 
nutrients, and organic matter present within domestic wastewater sources (Watson Jr. and Rusch, 2002; 
Watson Jr. and Rusch, 2001; Watson Jr., 2000; Stremlau, 1994).  Over time, chemical and biological 
reactions initiate degradation of the wastewater constituents retained within the marsh subsurface 
(Hagedorn et al., 1981).  Wastewater is injected into the saturated marsh subsurface via a shallow injection 
well (Figure 4.1), where a combination of pump-induced forces and density gradients (between the injected 
wastewater and the native saline pore water) force the injected wastewater upwards towards the surface of 
the marsh (Watson Jr., 2000; Hickey, 1984).  The MUS operates in two phases: 1) an injection phase and 2) 
a resting phase.  This intermittent injection scheme prevents the build-up of subsurface pressures in 
response to the injection process.   
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Figure 4.1 – The experimental marshland upwelling system consists of an injection well surrounded by a 
series of monitoring wells, positioned at various depths. 
 
The operating phase of the system also governs the transport extent of wastewater components 
within the subsurface media.  For the purpose of this paper, focus is placed on the transport of allochthonic 
 59 
bacteria contained within the injected wastewater.  During the injection phase of the MUS, displacement of 
bacteria from the point of injection is likely to be solely a function of the injection flowrate.  Additional 
transport inputs such as density gradients, sedimentation, and bacterial motility (Corapcioglu and Haridas, 
1984) are expected to have limited impact on overall bacterial transport, relative to the higher pump-
induced forces.  Conversely, the resting phase offers a completely different transport scenario for injected 
bacteria.  Factors previously deemed insignificant with respect to bacterial movement may demonstrate 
greater contribution to overall transport.  Buoyancy forces, derived from the density gradient between the 
native saline pore water and the injected wastewater, are expected to be one of the major factors promoting 
transport during the resting phase.   
Bacterial migration in a saturated porous medium is governed by numerous interrelationships 
between soil, bacterial, and environmental properties and mechanisms.  Accurate description of bacterial 
transport, as a whole, requires an understanding of how each factor impacts the progression of bacteria 
through the pore space of the soil matrix.  Description of bacterial transport can be formulated in much the 
same manner as a general solute transport problem (Dickinson, 1991).  A simple mass balance equation can 
adequately describe the changes in bacterial concentration within an elemental volume (EV) of subsurface 
material (Yates and Yates, 1991):  
Net rate of
change of
bacterial mass
within EV
=
Flux of
bacteria
out of
EV
--
Flux of
bacteria
into EV
± Loss or gainof bacterial
mass due to
reactions
 (4.1) 
Advective and hydrodynamic dispersive processes control the movement of bacteria into and out 
of the elemental volume.  Gains or losses in bacterial densities within the elemental volume are governed 
by physical, chemical, and biological interactions between the bacterial cells and the subsurface 
environment (Figure 4.2) (Freeze and Cherry, 1979). 
The main objectives of this study were: 1) to provide an overview of the mechanisms responsible 
for bacterial transport within porous media, 2) to identify the transport potential of fecal coliform bacteria 
under the injection phase of the MUS, 3) to estimate the rate of bacterial decay within the field MUS, and 
4) to determine the mechanisms of greatest impact to bacterial transport within the field subsurface.   
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Figure 4.2 – The fate and transport mechanisms of bacteria in a elemental volume of subsurface material 
(from Harvey, 1991) 
 
4.2 Field Site Description 
The MUS field site is located within the Grand Bay National Estuarine Research Reserve, Moss 
Point, Mississippi.  The system serves as a means of wastewater (black and grey) treatment for two 
residences and a public restroom facility.  A 3.8 m deep injection well is accompanied by 21 nested 
monitoring wells at depths of 1.5, 2.3, and 3.0 m, positioned radially around the injection well.  The wells 
provide a means of monitoring the concentrations of wastewater components (i.e. bacteria) at varying depth 
intervals.  Selected properties of the field site media are presented in Table 4.1.  System specifications and 
operation of the MUS are detailed in Chapter 1. 
Table 4.1 – Selected Properties of Field Soil at Various Depths 
  Depth Interval (m) 
Property Units 0 – 1.2 1.2 – 2.4 2.4 – 3.0 3.0 – 3.8 
Sand content % 44 37 62 86 
Silt % 44 40 23 9 
Clay % 12 23 15 5 
Mean grain size diameter (d50) mm 0.10 0.04 0.10 0.16 
Uniformity coefficient (d60/d10)  -- a -- a -- a 1.08 
Fraction of organic content (foc) % 9.0 ± 0.5 N/A N/A 0.5 ± 0.1 
a Unable to calculate d10 values 
N/A – Not analyzed 
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4.3 Bacterial Transport Mechanisms 
4.3.1 Advection 
In most natural subsurface environments, advection serves as the major mechanism of bacterial 
transport (Peterson and Ward, 1987).  Advection is the migration of a solute (or bacterial cell) by bulk 
groundwater motion only (Freeze and Cherry, 1979).  Field transport scenarios, like the MUS, offer various 
advective inputs including local groundwater flow, tidal fluctuations, density gradients, sedimentation, and 
bacterial motility (Tan et al., 1994; Corapcioglu and Haridas, 1984).  The relative importance of 
sedimentation and bacterial motility with respect to bacterial transport is often a function of the 
hydrodynamics of the system.  For example, under low flow conditions, bacterial motility may become an 
important factor in describing bacterial transport (Harvey, 1991).  Laboratory studies by Reynolds et al. 
(1989) reported bacterial penetration rates of up to 0.13 m/day in a sand media.  Likewise, the effects of 
sedimentation may also increase under low flow conditions.  In general, bacteria are considered neutrally-
buoyant in solution (Corapcioglu and Haridas, 1984), however, Yao et al (1971) suggested that for particles 
greater than 5 µm, sedimentation may prove to be a significant component of bacterial transport.  Typical 
bacterial cell diameters range from 0.2 to 7 µm (Corapcioglu and Haridas, 1984). 
To quantify the overall advective forces present for a given system, the velocity of the water 
traveling through the porous media is required.  The most common method of pore water velocity 
estimation in the field is through the use of soluble conservative tracers (e.g. chloride, bromide, 
fluorescein), which travel at the same rate as the groundwater flow.  The average pore water velocity is 
determined by recording the time at which the center of mass of the injected tracer is detected at a given 
location from the source (Yates and Yates, 1991). 
In a laboratory-scale setup, the flowrate entering the system is typically known.  Based on the 
cross-sectional area of the laboratory system, the Darcy flux of the water can be calculated.  Determination 
of the effective porosity of the media enables quantification of the average velocity by the following 
relationship: 
ee n
q
n
A/Qv ==      (4.2) 
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where v is the average linear pore water velocity, Q is the flowrate through the system, A is the cross-
sectional area of the system, q is the Darcy flux, and ne is the effective porosity.  The effective porosity 
represents the portion of the pore spaces that are physically available for transport.  For most soils, the 
effective porosity is assumed to be equal to the total porosity under fully saturated conditions (ne = n) 
(Charbeneau, 2000).   
4.3.2 Hydrodynamic Dispersion 
The significance of hydrodynamic dispersion in describing bacterial transport increases during the 
resting phase of the MUS due to the limited contribution of advective forces (i.e. pump-induced forces).  
Hydrodynamic dispersion represents the spreading of a solute away from the advective transport pathway 
(Freeze and Cherry, 1979).  The relative significance of hydrodynamic dispersion with respect to advection 
can be determined using the Peclet Number (Pe):  
h
e D
vLP =       (4.3) 
where L is the length of the system (travel pathway) and Dh is the coefficient of hydrodynamic dispersion.  
A Peclet number exceeding a value of 5 indicates the system is advection-dominated while Pe < 5 
represents a dispersion-dominated system.  The hydrodynamic dispersion coefficient combines the effects 
of mechanical dispersion and molecular diffusion (Charbeneau, 2000):   
mLh DvD τ+α=      (4.4) 
where αLv represents mechanical dispersion (αL is the longitudinal dispersivity), τ is tortuosity, and Dm is 
the molecular diffusion coefficient. In some instances (e.g. Matthess and Pekdeger, 1985), bacterial 
motility is represented as a dispersive force and included as a component of hydrodynamic dispersion.  
Mechanical dispersion results from velocity variations that exist within the porous media.  These variations 
in fluid velocity are caused by resistance along the pore walls, changes in cross-sectional area within a 
given pore pathway, and tortuosity (Freeze and Cherry, 1979).  Molecular diffusion is random molecular 
movement from areas of high concentrations to areas of low concentrations.  Diffusion will not take place 
in the absence of a concentration gradient  (Charbeneau, 2000).  Under field conditions, molecular 
diffusion is generally considered to be an insignificant component of solute (and bacterial) transport, 
relative to advection and mechanical dispersion.  The importance of molecular diffusion depends strongly 
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on the scale of the system and media type (Charbeneau, 2000).  The relative significance of diffusion with 
respect to mechanical dispersion can be estimated using a similar expression to Equation 4.3:  
m
d D
vdP =      (4.5) 
where Pd is the Peclet number with respect to diffusion and d is the mean grain diameter of the porous 
medium.  For Pd < 0.4, diffusion alone governs the transport process.  For 0.4 < Pd < 6, the influence of 
molecular diffusion and mechanical dispersion are of the same order of magnitude.  For 6 < Pd < 250, 
mechanical dispersion in combination with transverse molecular diffusion (across the pores) is responsible 
for transport.  For 250 < Pd < 18,000, solute spreading is dominated by mechanical dispersion (Pfannkuch, 
1963; Bear, 1972 as sited in Charbeneau, 2000). For low permeable systems with small pore water 
velocities (e.g. media containing high clay deposits), diffusion can potentially play a significant role in 
transport. 
4.3.3 Filtration  
Large-scale water treatment filters rely on a variety of removal mechanisms for the retention of 
suspended solids and other materials from influent waters.  Contributing mechanisms may include 
straining, impaction, interception, adhesion, physical/chemical adsorption, flocculation, and biological 
growth (Metcalf & Eddy, 1991).  However, the spectrum of filtration mechanisms responsible for the 
retention of bacteria is much different, reflecting their small size range.  Adsorption, straining, and 
sedimentation are recognized as the major filtration factors governing the retention of bacteria in porous 
media (Corapcioglu and Haridas, 1984).   
In general, media type often determines the degree of impact each filtration mechanism has on 
bacterial transport.  Estimation of the dominant filtration mechanism within a given soil type can be made 
based on the geometry of the pore structure (mean grain size diameter) with respect to the mean diameter of 
the penetrating particle (Table 4.2).  Laboratory studies by Sakthivadivel (1969) found that media diameter 
to particle diameter ratios (d/db) less than 10 indicated strong particle retention by surficial filtration (cake 
filtration).  The impact of straining increased within a range 10 < d/db < 20.  Ratios greater than 20 showed 
limited particle straining and mainly relied on particle-media attraction forces to achieve filtration (i.e. 
adsorption) (as cited in McDowell-Boyer et al., 1986).  
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Table 4.2 – Filtration Mechanisms for Various Soil Types (McDowell-Boyer et al., 1986) 
Soil Type 
Typical Grain Size a 
(mm) d/db Filtration Mechanism 
Fine Silt 0.002 – 0.006 2 – 6 Surficial Straining 
Medium Silt 0.006 – 0.020 6 – 20 Straining 
Coarse Silt 0.020 – 0.060 20 – 60 Physical/chemical 
Fine Sand 0.060 – 0.200 60 – 200 Physical/chemical 
Medium Sand 0.2 – 0.6 200 – 600 Physical/chemical 
Coarse Sand 0.6 – 2 600 – 2000 Physical/chemical 
 a Busch and Luckner, 1974 
4.3.3.1 Straining Filtration 
Straining is the process by which particles are retained within the media based purely on their size 
with respect to the media grains.  The significance of straining effects can be estimated based on the 
geometric properties of the media and migrating bacterial cell.  The following relationship determines the 
volume of uniformly shaped particles deposited on the surface of the media grains per unit volume of total 
porous medium (Herzig et al., 1970 as sited in Corapcioglu and Haridas, 1984): 
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where no is the initial porosity, Z is the coordination number (measure of the interconnectedness of the 
media pores), db is the mean diameter of the bacterial cell (particle), and d is the mean grain size diameter 
of the porous medium.  From Table 4.3, it is apparent that the impact of straining on bacterial transport 
becomes significant in media of small grain size (i.e. medium to fine silts).  However, it is important to note 
that Equation 4.6 is based solely on geometric properties and does not take into account the potential for 
biofilm growth or bacterial cluster formation.  In general, bacteria are not present in solution as individual 
particles but rather they attach to suspended solids (McDowell-Boyer et al., 1986) as well as adjacent 
bacterial cells (Costerton et al., 1978).  The formation of bacterial flocs enhances the impact of straining by 
reducing the media diameter to particle diameter ratio (Table 4.2). 
Table 4.3 – Impact of Straining for Different Soil Types 
Soil Type 
Typical Grain Size a 
(mm) 
σ  
(%) 
Fine Silt 0.002 – 0.006 12 – 100 
Medium Silt 0.006 – 0.020 0.6 – 12 
Coarse Silt 0.020 – 0.060 0.04 – 0.6 
Fine Sand 0.060 – 0.200 0.002 – 0.04 
Medium Sand 0.2 – 0.6 0 
Coarse Sand 0.6 – 2 0 
 a Busch and Luckner, 1974 
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4.3.3.2 Physical/Chemical Filtration 
Adsorption is a reversible/irreversible process by which a particle or bacterial cell is bound to 
media grain surfaces by physical/chemical forces (e.g. surface charge, electrostatic forces, and London-van 
der Waals forces) (Yates and Yates, 1991).  In addition, adsorption of bacteria to grain surfaces is a 
function of the physical and chemical properties of the media and pore water, bacterial characteristics, and 
hydraulic conditions of the system (Corapcioglu and Haridas, 1984).  
Media properties such as grain size, surface charge, and pore structure (i.e. presence of 
macropores) can have a significant effect on the degree of bacterial adsorption.  In general, fine-textured 
soils such as clays are very effective at retaining bacteria due to their small size, large specific surface area, 
and surface charge (McDowell-Boyer et al., 1986; Corapcioglu and Haridas, 1984; Gerba et al., 1975).  
Conversely, larger grained media such as sands have a lower potential for bacterial adsorption (Peterson 
and Ward, 1989; Hendricks et al., 1979).  Media that are oppositely-charged to residing bacteria tend to 
encourage higher levels of bacterial sorption.  Scholl et al. (1990) found greater attachment of indigenous 
bacteria (negative surface charge) to positively-charged media surfaces (i.e. limestone and Fe-hydroxide 
coated quartz and muscovite) than to negatively-charged media (i.e. clean quartz and muscovite).  The pore 
structure of the soil matrix can also influence the degree of bacterial attachment.  Natural soil systems are 
rarely, if ever, homogenous in all directions, supporting a multitude of heterogeneities and macropores.  
Smith et al. (1985) showed that mixed and repacked soil columns were more effective bacterial filters than 
intact natural soil columns.  Repacking the soils reduced the presence of macropores within the soil 
structure and forced the injected bacteria to infiltrate smaller pore spaces, thus enhancing the potential for 
bacterial adsorption. 
Pore water of high ionic strength can enhance the attachment affinity of bacteria to the media 
grains (Fontes et al., 1991; Scholl et al., 1990).  The increase in available ions in solution promotes the 
formation of bridges between the charged media and bacterial cell surfaces.  Higher ionic strengths 
decrease the thickness of the double layer that exists between charged particles, allowing bacterial cells to 
approach at closer distances to the charged media sites (Fontes et al., 1991).  Likewise, saline groundwaters 
have a greater potential for bacterial adsorption to media particles than freshwater sources (Corapcioglu 
and Haridas, 1985).  Goldshmid et al. (1972) found that the efficiency of bacterial retention in sand 
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improved when tap water was used as opposed to distilled water.  The use of triple distilled water resulted 
in negligible bacterial removal (as sited in Gerba et al., 1975).  Reductions in pH below 8.0 in the presence 
of divalent cations can also enhance the adsorption process (Corapcioglu and Haridas, 1985).  Yee et al. 
(2000) found that the degree of bacterial adsorption onto corundum increased with decreasing pH.  Similar 
findings were made by Scholl et al. (1990).  They reported greater bacterial densities on quartz media at pH 
5 than at pH 7. 
The shape and size of a given bacterial cell can influence adsorption to nearby media grains.  In 
general, larger diameter cells experience greater interactions (collisions) with the media, thus increasing 
their likelihood of attachment (Lawrence and Hendry, 1997).  Studies by Weiss et al. (1995) reported the 
presence of smaller and rounder bacteria in the column effluent as opposed to the influent solution, 
suggesting preferential filtration of longer rod-shaped bacterial cells within the column.  High pore water 
velocities tend to reduce the potential contact opportunities between the suspended bacteria and media 
grain surfaces.  Column studies by Smith et al. (1985) revealed greater recovery of E. coli at the column 
effluent as flow through the column was increased.  
Adsorption of bacterial cells to grain surfaces can be represented by equilibrium adsorption 
isotherms (e.g. Freundlich isotherm), which describe a relationship between the suspended and adsorbed 
bacterial concentrations: 
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where S is the bacterial concentration retained on the surface of the soil grains (bacterial mass per mass of 
solid particles), C is the aqueous phase bacterial concentration, and Kd and m-1 are empirical constants that 
provide an indication of the sorption capacity and intensity for a specific bacterial-soil system, respectively.  
Studies by Bales et al. (1991) effectively represented the adsorption of a bacteriophage in a silica bead 
media using Equation 4.7, resulting in m-1 values ranging from 0.92 to 1.01.  Likewise, virus studies by 
Vilker and Burge (1980) returned m-1 values ranging from 0.87 to 1.24 (as sited in Gerba et al., 1991).  
Since reported m-1 values are generally close to 1, it is common practice to represent bacterial sorption with 
a linear isotherm (m-1 = 1).  Under such conditions, Kd is often referred to as a linear or partitioning 
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coefficient.  Linear representation of bacterial adsorption implies that only single-layer adsorption is 
present, where only one bacterial cell can occupy a given adsorption site at one time (Gerba et al., 1991).   
Adsorption to grain surfaces hinders the migration of bacteria, thus forcing bacteria to travel 
slower than the surrounding pore water.  The term “retardation” is generally used to describe the impact of 
adsorption on overall transport (Yates and Yates, 1991), although additional factors (i.e. straining, and 
sedimentation) may also be included.  Bacterial retardation is described by the ratio of the mean pore water 
velocity to the mean migration velocity of the bacteria: 
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where R is the retardation factor, vb is the mean bacterial velocity, and ρb is the media bulk density.  Field 
experiments have recorded bacterial retardation factors from between 1 and 2 (E. coli and Serratia 
marcescens) (Matthess and Pekdeger, 1985) to as high as 10 for transport in sandy aquifers (Matthess et al., 
1988).  Several other studies have revealed bacterial retardation factors below 1 (e.g. Fontes et al., 1991; 
Harvey et al., 1989; Pekdeger and Matthess, 1983), suggesting higher bacterial velocities than 
simultaneously introduced soluble conservative tracers.  This phenomenon can be explained by the pore-
size exclusion theory.  Bacteria are often larger than a percentage of the pore throats available for travel.  
As a result, they are excluded from migrating into regions where the velocity of the pore water may be 
smaller than the overall average velocity of the system.  Thus, bacteria can be channeled into larger pore 
spaces, allowing bacteria to be detected at a specified location prior to the conservative tracer (Yates and 
Yates, 1991). 
Detachment or desorption of bacterial cells from media grain surfaces is a function of the same 
factors that influence cell adsorption.  Low ionic strengths, high pH, and high pore water velocities can 
potentially promote reentry of adsorbed bacterial cells into pore water (McInerney, 1991).  Erosion of 
attached biomass can occur as a result of the shear stresses exerted by the passing fluid.  An increase in 
average pore water velocity increases the likelihood of bacterial detachment from grain surfaces (Rittman, 
1989).  Sloughing is another physical process of detachment in which large portions of the biomass are 
removed randomly due a weakening of bacterial attachment forces.  As the thickness of the biomass layer 
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increases, older biomass are no longer in direct contact with the nutrient-laden pore water thus weakening 
biomass attachment (Clement et al., 1997). 
4.3.4 Decay and Growth  
The saturated soil matrix is not the natural habitat of allochthonic bacteria.  As a result, the 
microbial community typically experiences a population reduction over time.  This reduction is generally a 
function of a combination of media, bacterial, and environmental conditions at a given location and time.  
Table 4.4 summarizes the individual effects of several field conditions on bacterial survival in a subsurface 
environment.   
Table 4.4 – Potential Impacts on the Survival of Allochthonic Bacteria 
Field 
Condition Impact on Bacteria Survival 
Moisture Greater potential for survival in moist soils with significant water-retention capacity (i.e. loams and peats) (Beard et al., 1940). 
pH Soils of lower pH (3 < pH < 5) enhance bacterial decay (Cuthbert et al., 1950). 
Temperature Lower temperatures enhance persistence of bacterial communities (Van Donsel et al., 1967). 
Sunlight Bacteria survival times are shorter in the presence of direct sunlight as opposed to shaded regions (McCambridge and McMeekin, 1981; Van Donsel et al., 1967). 
Organic 
Matter 
Presence of organic matter increases likelihood of survival and regrowth (Harvey et 
al., 1984; Tate III, 1978). 
Pore Water 
Composition 
Increasing saline concentrations of the pore water result in greater bacterial die-off 
rates (Davies and Evison, 1991; Hanes and Fragala, 1967). 
Degree of 
Attachment 
Attachment of bacteria to media grain surfaces may reduce the level of bacterial 
inactivation (Yates and Yates, 1991). 
Competition Survival time was found to increase in experiments void of established bacteria populations (Matthess and Pekedeger, 1988). 
 
Often following initial residence within the subsurface media, the bacterial community sustains an 
initial lag phase of minimal growth or decay.  Under sterile, oligotrophic conditions, the lag phase may 
extend for several months while in contaminated waters (containing predatory bacteria) this phase may be 
limited to a few days.  Bacterial elimination may be approximated by a first-order exponential relationship 
(Merkli, 1975 as sited in Matthess and Pekdeger, 1985):  
)ott(koeC)t(C
−−=      (4.9) 
where Co is the initial bacterial concentration, to represents the time at which initial bacterial decays occurs, 
and k is the bacterial decay coefficient.  The decay coefficient represents a compilation of all the factors 
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that can potentially influence bacterial survival in porous media (Table 4.4).  Typical bacterial half-lifes 
range between 1 and 20 days (Matthess and Pekdeger, 1985), which corresponds to decay coefficients 
ranging from 0.035 to 0.69 day-1, based on Equation 4.9.  Studies by Klock (1971) reported a mean fecal 
coliform decay rate of 0.36 ± 0.18 day-1 in a wastewater lagoon over a one-year period.  Mean decay 
coefficients for E. coli and fecal coliforms from various soil-water field systems are presented in Table 4.5.   
Table 4.5 – Decay Coefficients for E. coli and Fecal Coliforms (Reddy et al., 1981) 
 Die-off rate constant (day-1) 
Microorganism Mean Standard 
Deviation 
Maximum Minimum No. of 
Observations 
E. Coli 0.92 0.64 6.39 0.15 26 
Fecal coliforms 1.53 4.35 9.10 0.07 46 
 
Often growth is included in the decay coefficient, resulting in a net decay value (Yates and Yates, 
1991).  As bacteria die-off, some level of growth occurs simultaneously.  During conditions of low nutrient 
availability, the limited available energy is applied to cell maintenance rather than growth (Metcalf & 
Eddy, 1991).  In such cases, growth can be considered negligible.  However, groundwater contaminated 
with organic compounds can initiate rapid growth of bacteria (Harvey and George, 1987).  Regrowth of 
bacteria in the subsurface was observed during water storage studies in Israel.  Surface water and 
wastewater initially pumped underground contained less than 2 coliforms per 100mL but, upon retrieval, 
the water was found to contain 105 - 106 coliforms per 100mL (Goldshmid, 1974).  It was hypothesized that 
organic matter from the injected wastewater accumulated around the injection well, creating a high 
potential zone for bacterial regrowth.  Since the injection of wastewater into the MUS subsurface 
introduces large quantities of nutrients and organic matter, the potential for bacterial regrowth does exist.   
4.4 Materials and Methodology 
Two laboratory studies were implemented to identify and potentially quantify various components 
responsible for impacting bacterial transport within the field MUS.  The first study adopted a column-based 
system to focus on the transport potential of bacteria during the injection phase of the MUS.  In 
combination with this study, an additional experiment was performed to confirm transport of bacteria under 
buoyancy forces alone (i.e. resting phase of the MUS).  Ultimately, greater focus was placed on simulation 
of the injection phase of the system, based on the higher degree of bacterial penetration suspected.  The 
final laboratory study focused on estimation of bacterial decay rates within the MUS influent wastewater. 
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The injection and resting phases of the MUS were simulated by continuous and pulse input 
scenarios, respectively.  The experimental setup and apparatus for each transport study were similar, 
utilizing one-dimensional (1-D) columns of a uniform sand media (Figure 4.3; Table 4.6).  The columns 
were constructed of clear polyvinyl chloride (PVC) pipe to enable visible confirmation of uniform sand 
saturation.  A coarse-grained pea gravel (d50 = 3.8 mm) was used as a diffuser material to promote uniform 
flow at the column influent.  The diffuser material was separated from the inlet of the column by a 0.3-cm 
plastic mesh, to eliminate the possibility of clogging.  The column sand was supported over top of the 
diffuser material by a 500-µm nylon screen, which ensured level distribution of column media as well as 
prevented sand infiltration into the diffusing zone.  Uniform column packing was achieved by applying 
sand at a constant rate while simultaneously tapping the column walls to consolidate the material (Tan et 
al., 1994; Drewry and Eliassen, 1968).  Since the column diameter to mean grain diameter ratio (D/d50) 
exceeded 30, the impact of wall effects was considered negligible over the course of each experimental trial 
(Schwartz and Smith, 1953).  
 
Figure 4.3 - Schematic of the one-dimensional continous and pulse input laboratory columns 
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Table 4.6 – Selected Properties of the 1-D Laboratory Column 
Property Units  
Media bed depth, L cm 50.8 
Column diameter, D cm 5.08 
Mean grain size diameter, d50 mm 0.37 
Uniformity coefficient, d60/d10  1.91 
Total porosity, n  0.353 
Particle density, ρs g/cm3 1.59 
Hydraulic conductivity, K cm/s 3.5 x 10-2 
 
Wastewater samples collected from the influent holding tank at the field site served as the source 
of bacteria for each column study.  All wastewater samples were filtered through 2.7 µm GF/D membrane 
filters (Cole Parmer, Inc.) to remove any large solids that may enhance clogging within the column media 
and disrupt bacterial transport.  Use of field wastewater enabled a closer approximation of the transport 
behavior of bacteria at the field site (Bitton et al., 1979). 
 
The following general criteria for laboratory column experiments were followed, as specified by Bitton et 
al. (1979) and Lawrence and Hendry (1996): 
i. The main properties of the column medium were quantified (e.g. mean grain diameter, uniformity 
coefficient, and hydraulic conductivity). 
ii. Influent and effluent tubing for each replicate experiment were maintained at constant lengths to 
reduce variability between experiments due to sorptive losses within the tubing.   
iii. Column media and all sampling glassware were autoclaved prior to initiation of each experiment 
to eliminate the potential for bacterial contamination. 
iv. Bacterial injection into the column was accompanied by a conservative tracer (wastewater) to 
enable interpretation of observed bacterial breakthrough properties.  
v. Vertical flow within the column was maintained (bottom to top) to reduce gravitational effects on 
bacterial transport (as well as more closely represent MUS operation).  
4.4.1 Continuous Input Column Experiment 
The purpose of the continuous input study was to quantify the level of bacterial retardation present 
within the sand media.  A total of three replicate trials were performed.  Prior to injection of the wastewater 
solution, two pore volumes (~ 720 mL) of synthetic saline water (~35 ppt) (Instant Ocean®) were flushed 
through the column to establish a constant background salinity.  A concentration of 35 ppt was selected to 
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better simulate background conditions within the marsh subsurface (31.6 ± 3.2 ppt at a depth of 3.0 m).  
The near freshwater conditions of the injected wastewater (~ 1 ppt) served as a conservative tracer during 
injection into the saturated saline media.  Each replicate experiment was performed with newly-packed 
sand.  Injection of saline water into the column was performed at a low flowrate to ensure adequate 
saturation of the media.  Wastewater was injected into the column using a variable-flow peristaltic pump 
(Cole Parmer, Inc.; Model # U-07518-10) at a mean injection flowrate of 5.6 ± 0.3 mL/min.  Trial lengths 
extended between 5 and 6 hours in all cases.  Over the course of each trial, effluent samples were 
monitored every 10 to 30 minutes for changes in salinity using a sensION5TM conductivity probe 
(minimum detection limit = 0.1 ppt) (Hach, Inc., 2000).  Analysis and enumeration of fecal coliforms were 
performed on selected effluent samples (collected every 30 minutes), based on the membrane filtration 
technique (Procedure 9222D) (APHA, 1998).  Water temperatures within the column did not vary greater 
than 2oC during each injection trial (23.9 ± 0.5 oC).  
4.4.2 Pulse Input Column Experiment 
A single pulse-injection laboratory study was performed to determine the impact of varying 
density gradients on the transport of bacteria during the MUS resting phase.  The experiment consisted of 
four clear PVC columns, each with a set of three sample ports, evenly-spaced from the base to the top of 
the column (Figure 4.3).  The top of the column was open-ended to allow adjustment of the freestanding 
water level after sampling was performed.  Each column was saturated with synthetic saline water of 
varying concentration (5, 15, 25, and 35 ppt) prior to pulse injection of wastewater.  A small volume of 
Rhodamine Water Tracer (RWT) was added to each wastewater aliquot to enable visual confirmation of 
wastewater progression through each column.  Approximately 33 mL of dyed wastewater was 
simultaneously injected into the four columns via a multi-head variable flow peristaltic pump (Cole Parmer, 
Inc.; Model # U-07518-10).  Injection of an additional 33 mL of saline water into each column (at column-
specific saline concentrations) was performed to completely remove the wastewater slug from all tubing 
and influent valves.  Following saline water injection, influent valves were closed, initiating buoyancy-
induced transport within the column.  Samples were collected from each column every 2 – 6 hrs for the 
initial two days of operation, followed by once per day for the remainder of the experiment (~ 3 days).  
Samples were monitored for changes in salinity and the presence of fecal coliforms (Procedure 9222D) 
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(APHA, 1998).  Free-standing water levels in each column were maintained at the same height over the 
course of the study.  In addition, the tops of each column were covered with paraffin seal to prevent 
evaporative losses.   
4.4.3 Decay Studies 
Three batch decay experiments were performed in order to obtain an estimate of the rate of fecal 
coliform decay within the MUS influent wastewater.  Approximately one liter of wastewater was collected 
from the main holding tank on three separate sampling dates (12/03/01, 01/08/02, and 01/27/02).  The 
samples were stored at room temperature (23 – 28oC) and enclosed to prevent significant oxidation. Over 
the duration of each study, the samples were continuously stirred by means of a magnetic stir bar to achieve 
a uniform distribution of fecal coliforms prior to subsampling and enumeration.  Subsamples from the 
initial sample were retrieved and analyzed in 2-5 day intervals until the presence of fecal coliforms 
(Procedure 9222D) (APHA, 1998) was no longer detected. 
4.5 Model Formulations 
Continuous injection of wastewater through a 1-D laboratory column of saturated, homogenous 
media can be described by the conservative advection-dispersion equation:  
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where CS is the salinity concentration of the column effluent and x is the distance along the column.  Since 
the column media for each continuous input trial was initially saturated at a known salinity concentration, 
the transport of the injected wastewater through the column was represented by a decrease in salinity at the 
column effluent.  Complete elution of wastewater from the column resulted in effluent salinity 
concentrations approaching 0 ppt.  Effective representation of 1-D wastewater transport using Equation 
4.10 required adjustment of the observed salinity data (1–CS/CoS), to create a mirror image of the original 
trend.  The resulting increasing S-shaped curve enabled application of the following solution to the 
conservative tracer equation (Equation 4.11) under the following initial and boundary conditions (Ogata 
and Banks, 1961 as sited in Runkel, 1996): 
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Initial: So
S C)0,x(C =  for x ≥ 0 
Column Influent: 0)t,0(C S =  for t ≥ 0 
Column Effluent: So
S C)t,(C =∞  for t ≥ 0 
where CoS is the initial salinity concentration within the column.  The above Type 1 boundary conditions 
have limitations when applied to dispersion-dominated systems (Pe < 5).  Under such conditions, the 
influent boundary condition cannot conserve mass across the system boundary, since the additional mass 
associated with dispersion is not effectively balanced (Unice and Logan, 2000).  Based on Equation 4.3, 
transport within the column is governed by advective forces, thus rendering the error associated with mass 
conservation across the influent boundary negligible. 
Unlike conservative tracer transport, bacterial cells present in a porous medium are subject to 
additional factors that both enhance and hinder their transport potential.  Sorption, decay, and growth are 
phenomena that require mathematical representation in order to effectively describe overall transport.  
Building on the 1-D conservative equation (Equation 4.10), bacterial transport can be described by the 
following relationship (Tan et al., 1994): 
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where ( ) tSnb ∂∂ρ , Rd, and Rg, represent the sorption of bacterial cells to the grains of the soil matrix, 
bacterial decay, and bacterial growth, respectively.  Combined, these terms are responsible for altering the 
aqueous phase concentration of bacteria within the subsurface over time.  In general, it is difficult to 
separate and effectively quantify the individual impact that each factor has on overall transport.  Typically, 
decay and growth effects are combined under one net decay term (Yates and Yates, 1991).  Often, 
developed bacterial transport models (e.g. Hendry et al. 1999; Tan et al., 1994; Hornberger et al., 1992) 
assume the impact of net decay to be negligible over the course of their laboratory study.  Experimental 
precautions such as maintaining relatively short time-scales and operating at lower ambient temperatures 
(Hendry et al., 1999; Hornberger et al., 1992) are often used to justify application of the assumption.  
Assuming negligible effects of decay and growth on overall transport implies that any delay observed 
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between the wastewater and bacterial breakthrough curves is entirely attributed to sorption, sedimentation, 
or some form of physical filtration.  The combined effects of these factors can be represented by a 
retardation factor.  Assuming bacterial sorption can be described by a linear isotherm, the governing 
equation representing bacterial transport can be simplified to Equation 4.13. 
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A wide variety of analytical solutions for Equation 4.13 are available, each represented by 
different initial and boundary conditions.  Representation of fecal coliform breakthrough data for the 1-D 
continuous input experiments can be made using the following solution (Equation 4.14) and boundary 
conditions:  
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Initial: 0)0,x(C =  for x ≥ 0 
Column Influent: oC)t,0(C =  for t ≥ 0 
Column Effluent: 0)t,(C =∞  for t ≥ 0 
where v’ = v/R, D’ = Dh/R, and Γ = ( )2'' vkD41 + .  The continuous input study, however, does not entirely 
simulate the input scenario implemented at the field MUS.  The boundary conditions governing Equation 
4.14 apply to a continuous source of infinite duration.  As previously discussed, the loading pattern of the 
field system is intermittent in nature, resulting in a series of continuous inputs of finite duration (e.g. 30 
minutes every three hours).  Assuming 1-D transport of bacteria from the base of the injection well to a 
given monitoring well, transport can be represented by the following analytical solution (Equation 4.15) 
and boundary conditions (Rose, 1977 as sited in Runkel, 1996): 
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 (4.15) 
Initial: 0)0,x(C =  for x ≥ 0 
Column Influent: oC)t,0(C =  for 0 < t < τ 
 0)t,0(C =  for t ≥ τ 
Column Effluent: 0)t,(C =∞  for t ≥ 0 
where τ represents the duration of the continuous source.  For 0 < t < τ, the solution representing a 
continuous source is applied (Equation 4.14).  In the case of the MUS, this time interval is indicative of the 
duration of the injection cycle.  For t ≥ τ, Equation 4.15 is applied, simulating the resting phase between 
injection cycles. 
4.6 Results and Discussion 
The variables of interest from the laboratory transport study were the hydrodynamic dispersion 
coefficient, Peclet number, and bacterial retardation factor.  These variables were determined by fitting the 
appropriate analytical solution to the observed data.  For example, hydrodynamic dispersion coefficients 
and Peclet numbers for each experimental trial were determined by fitting a normalized version of Equation 
4.11 to the observed wastewater breakthrough data.  Likewise, retardation factors for the injected bacteria 
were calculated by fitting Equation 4.13 to the observed bacterial breakthrough data.  Best fit was achieved 
by minimizing the sum of square error (SSE) between the experimental data and model predictions using 
MathCad 2000.  The observed breakthrough data and model fit program/output are presented in 
Appendices C and G, respectively.  Estimation of fecal coliform decay rates were determined using the 
standard regression function in Microsoft Excel 2000.   
 77 
4.6.1 Continuous Input Column Experiment 
The conservative model (Equation 4.11) fit very well to the observed wastewater breakthrough 
data, resulting in SSE of less than 0.037 for all trials (Figure 4.4).  Resulting wastewater dispersion 
coefficients for Trials 1-3 were 0.011, 0.036, and 0.015 cm2/s for column velocities of 0.0137, 0.0133, and 
0.0123 cm/s, respectively.  
Based on the assumption that bacterial diffusion and motility have limited impact on overall 
transport, the above hydrodynamic dispersion coefficients for the injected wastewater were applied directly 
to the migration of bacteria within the column (at the same injection velocities).  This assumption holds 
based on Equations 4.3 and 4.5.  For diffusion to be a significant contributor to bacterial transport, the 
molecular diffusion coefficient for bacteria would have to be on the order 10-3 cm2/s.  In comparison, the 
molecular diffusion coefficient for chloride, a conservative tracer, is two orders of magnitude lower (2.0 x 
10-5 cm2/s) (Fetter, 1999).  Likewise, the impact of bacterial motility on overall transport is generally 
considered negligible, particularly under conditions of high pore water velocity. For each experimental 
trial, advection was determined to be the dominant transport mechanism within the column, suggesting 
limited impact of bacterial motility. 
Fecal coliform breakthrough curves (C/Co) for the three trials are presented in Figure 4.4. In all 
cases, observed fecal breakthrough was significantly delayed with respect to wastewater arrival at the 
effluent end of the column.  An average of 97.5% of the injected wastewater was recovered prior to initial 
detection of fecal coliforms at the effluent.  Although the resultant curves did not fit the experimental data 
as well as the conservative wastewater data, adequate SSEs were obtained (0.046 – 0.128).  The resulting 
fecal coliform retardation factors ranged from 2.59 to 3.56 (3.07 ± 0.49) (Table 4.7).  Of the various 
mechanisms potentially responsible for the delay in bacterial arrival, sorptive effects were considered to be 
dominant. Discrete samples retrieved from the influent wastewater solution of Trial 1 showed no overall 
change in fecal coliform bacteria over the experiment duration, thus supporting the assumption of 
negligible decay and growth (Equation 4.14 was applied with k = 0).  Based on the relatively large grain 
size of the column sand (d50 = 0.37 mm), the effects of straining within the laboratory experiments were 
also considered negligible (Table 4.3).  In addition, the small size range of the injected bacteria (< 2.7 µm) 
and the significant upflow advective forces within the column make the likelihood of sedimentation small.  
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Figure 4.4 – Effluent breakthrough curves and model fits of the (a) observed wastewater and (b) fecal 
coliform bacteria. 
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Table 4.7 – Best-fit Parameters for Bacterial Breakthrough Data 
Trial No. v (cm/s) Dh (cm2/s) Pe R SSE 
1 0.0137 0.011 64 2.59 0.046 
2 0.0133 0.036 19 3.56 0.128 
3 0.0123 0.015 42 3.06 0.115 
 
4.6.2 Pulse Input Column Experiment 
The results of the pulse injection study suggest that bacterial migration is sensitive to changes in 
background salinity (or density gradients).  Comparison of fecal coliform detection at port 1 (12.7 cm from 
column influent) of each column revealed a distinct trend.  Overall, times to first detection increased with 
decreasing density gradient (Figure 4.5).  Fecal coliform detection was first observed in the column of 
highest salinity (35 ppt) between 4 and 6 hours following wastewater injection.  The 15 and 25 ppt columns 
followed, with fecal bacteria observed between 6 and 8 hours.  The 5 ppt column showed fecal detections 
between 10 and 20 hours after initial injection.  Beyond an elapsed time of 45 hrs, fecal coliform counts for 
the salinity trials were determined to be ‘too numerous to count” (TNTC) (shown as ~ 100 colonies per 100 
mL in Figure 4.5).  The presence of wastewater and fecal bacteria was not observed at ports 2 and 3 
throughout the duration of the study, indicating potential mixing of the wastewater and saline column 
water.  Over time, mixing of the wastewater and saline water reduces the density gradient within the 
column, subsequently decreasing the rate of upward transport by buoyancy forces (Hickey, 1984).   
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Figure 4.5 – Distribution of fecal coliform bacteria over time for each salinity concentration 
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Although it is speculated that greater bacterial penetration at the field site occurs during the 
injection cycle, it is clear from the pulse input study that bacteria are mobile even during instances of low 
density gradients (~ 5 ppt).  This has important implications with regards to bacterial transport within the 
MUS, which operates primarily under the resting stage (> 80% of the time) and is continually exposed to 
fluctuations in pore water salinity due to tidal effects.  
4.6.3 Decay Studies 
The short operational times of the continuous input study enabled bacterial decay to be considered 
negligible for each trial tested.  However, monitoring of fecal coliform concentrations over longer time 
frames (> 15 days) revealed a decreasing trend in fecal counts within the field wastewater samples.  The 
die-off rate of fecal coliform bacteria within the field wastewater samples followed a first-order decay 
relationship.  The resulting decay coefficients for the three experiments were 0.64, 0.63, and 0.29 day-1, 
respectively (0.52 ± 0.20 day-1) (Figure 4.6).  These values fall within the lower range of the decay 
coefficients presented in Table 4.5.   
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Figure 4.6 – Fecal coliform decay curves for influent wastewater sampled on a) 12/03/02, b) 01/08/02, and 
c) 01/27/02. 
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Although the decay experiments performed utilized influent wastewater derived from the field 
site, the results do not necessarily reflect the behavior of the bacteria present within the subsurface.  One 
important difference may be the supply of nutrients.  In the laboratory decay studies, the influent 
wastewater was maintained without nutrient replenishment.  Of course, in the field, each injection cycle 
acts as a source of nutrients for the residing bacteria, likely extending their survival time (in the absence of 
any drastic changes in temperature or pH).  The results of the lab decay studies can be useful in 
understanding bacterial survival during extended periods of system inactivity.  
4.6.4 Field Parameter Sensitivity  
When considering bacterial transport with the field MUS, assumptions that were made for the 
laboratory-scale studies are not directly applicable.  Bacteria injected into the marsh subsurface would be 
subject to decay and growth phenomena, governed by external variables such as temperature, pH, salinity, 
and nutrient availability (wastewater supply).  Retardation of fecal bacteria at the field site would be 
expected to exceed the values reported from the continuous input study, due to the presence of clay and fine 
media within the field subsurface (Table 4.1).  The lower permeable media would be expected to introduce 
a greater range of filtration mechanisms for fecal coliform retention.  Comparison of the mean grain size of 
the field media (0.04 – 0.16 mm) to Table 4.3 indicates that a portion of fecal retardation, although limited, 
is caused by physical straining (0.04 – 0.6%).  Continued solids accumulation around the injection well will 
increase the impact of straining over time due to the development of biofilm and other organic residue in 
the pore spaces (Gerba et al., 1975). 
In general, the majority of bacterial transport models describe bacterial migration under theoretical 
or laboratory conditions (e.g. Tan et al., 1994; Hornberger et al., 1992; Peterson and Ward, 1989; 
Corapcioglu and Haridas, 1985, 1984).  Few field-based models exist due to the difficulties associated with 
quantifying all potential impact parameters.  However, simple models based on the advection-dispersion 
equation can be used to determine the relative impacts of governing variables on the movement of bacteria.  
As previously discussed, bacterial concentrations at a given time and location within a porous media 
system can be effectively described by five principal variables: pore water velocity, hydrodynamic 
dispersion, retardation (media attachment), net decay, and initial bacterial concentration.  Assuming 
Equations 4.14 and 4.15 effectively represent the conditions of the MUS field site, a sensitivity analysis 
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was performed to determine the relative significance of each parameter with respect to the state variable, 
bacterial concentration.  Input values selected for the model were derived from laboratory, field, and 
literature-based data (Table 4.8).  The model was run based on an injection frequency of 30 minutes every 
three hours (τ = 30min), a scenario commonly used at the field site. For each model run, bacterial 
concentration was monitored over time at a distance of 1.4 vector meters from the injection source (the 
closest monitoring well location).  The magnitude of each input variable was varied by ±10% to determine 
the relative impacts on the state variable. 
Table 4.8 – Source Data for Sensitivity Analysis 
Parameter Units 
Input 
Value Source 
Pore water 
velocity m/day 0.05 Estimated from field tracer study (Chapter 2) 
Dispersion 
coefficient m
2/day 0.05 Field site with similar subsurface media properties to MUS site (Papadopulos and Larson, 1978) 
Net decay day-1 0.5 Results of laboratory decay studies (Chapter 4) 
Retardation 
Factor  3.0 Results of continuous input study (Chapter 4) 
Initial Bacterial 
Concentration 
colonies/ 
100mL 717,000 
Mean influent fecal coliform concentration at MUS field site 
(Chapter 3) 
 
From a quantitative perspective, a ±10% change in the input variables did not have a large impact 
on the magnitude of the bacterial concentration.  However, on a relative basis, some variations were 
observed (Figures 4.5a-d).  Changes to net decay and hydrodynamic dispersion appeared to have the 
greatest impact on bacterial concentration.  Conversely, pore water velocity and initial bacterial 
concentration showed the least effect on the state variable.  Adjustment of the retardation factor affected the 
arrival time of the bacterial center of mass by approximately ±1 day.  Based on the results of the sensitivity 
analysis, it is difficult to conclusively select the parameters that best reflect bacterial transport in the field 
MUS.  Since most of the input parameters are based on laboratory and literature-based data, adequate 
characterization of the field site may not have been achieved.  In addition, the input variables do not reflect 
the impact of the operating phase of the MUS.  For instance, the input value for pore water velocity 
represents an overall mean velocity, combining the effects of both operating phases.  In reality, two pore 
water velocities exist, one representing the injection phase and the other describing the resting phase.  
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Determination of a representative injection velocity (0 < t < 30 min) and a resting velocity (30 < t < 180 
min) would increase the applicability of the model to the field site.   
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Figure 4.7a – Sensitivity of bacterial concentration to ±10% change in the rate of net decay. 
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Figure 4.7b – Sensitivity of bacterial concentration to ±10% change in hydrodynamic dispersion. 
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Figure 4.7c – Sensitivity of bacterial concentration to ±10% change in initial bacterial concentration. 
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Figure 4.7d – Sensitivity of bacterial concentration to ±10% change in pore water velocity. 
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Figure 4.7e – Sensitivity of bacterial concentration to ±10% change in retardation. 
 
Application of Equations 4.14 and 4.15 as a quantitative tool to estimate bacterial concentrations 
at the MUS field site would be inappropriate.  The magnitudes of bacterial concentration shown in Figures 
4.5a-d are not directly comparable to observed values in the field.  Furthermore, description of bacterial 
transport at the field site would require a three-dimensional framework, representing both radial and 
vertical flow from the injection well.   
4.7 Conclusions  
Numerous mechanisms and interrelationships are responsible for impacting the transport of 
bacteria in saturated porous media.  Quantification of these factors at a field-scale is often a difficult task 
due to the dynamics of external conditions (e.g. temperature, pH, tidal fluctuations).  As a result, the 
mechanisms of bacterial transport are generally investigated at a laboratory-scale under controlled 
conditions.  Although quantification of a given transport mechanism may be achievable under laboratory 
conditions, direct application of the results to a field scenario may not be appropriate.  Estimation of fecal 
coliform retardation and net decay in this study does not directly represent the transport conditions at the 
field MUS.  However, based on an understanding of the subsurface conditions at the field site (e.g. soil 
properties, nutrient availability, and injection flowrate), the laboratory-derived values can be applied on a 
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qualitative basis to aid in explanation of field observations (i.e. variations in bacterial concentration).  
Accurate description of bacterial transport within the MUS requires an understanding of the combined 
effects of sorption, physical straining, net decay, pore water velocity, and dispersion, with respect to the 
two operational phases. 
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Chapter 5: Global Discussion and Conclusions  
The research presented in this thesis was divided into three main sections (Chapters 2 – 4), 
focusing on wastewater plume delineation, evaluation of the marshland upwelling system (MUS), and 
bacterial transport/retention, respectively.   
The initial section addressed the use of Rhodamine Water Tracer (RWT) as a tracer for the 
delineation and characterization of the injected wastewater plume within the MUS subsurface.  Previous 
studies on the MUS (Watson Jr., 2000; Stremlau, 1994) found that monitoring variations in in-situ 
parameters such as salinity and pH provided adequate identification of wastewater presence within the 
subsurface.  However, subsurface heterogeneities, variations in soil type, and high tidal fluctuations at the 
Grand Bay site were suspected to impact the direction of wastewater flow from the injection well.  The 
inability to distinguish between wastewater and low-salinity water derived from tidal effects raised 
concerns as to the accuracy of plume delineation based solely on in-situ parameters.  The introduction of 
RWT within the MUS proved to be an effective means of identifying the transport pathways of the 
wastewater within the marsh subsurface.  Detection of RWT at the outer 3.0 m wells (wells I-L) confirmed 
the lateral transport of wastewater from the injection well due to the presence of higher clay deposits at 
shallower depths.  Variations in pH appeared to coincide with RWT detections, suggesting that pH 
monitoring may be an effective means of in-situ delineation of injected wastewater.  Similar comparisons 
were not observed for salinity variations over the course of the tracer study.    
Accurate quantification of wastewater transport properties such as mean retention time and 
average velocity is not recommended due to the non-conservative nature of RWT in subsurface media.  
Mean RWT retention times calculated from the field injection study were determined to overestimate the 
actual arrival times of the wastewater plume at a given monitoring well.  Continuous input laboratory 
column studies revealed a mean RWT retardation factor of 1.81 ± 0.08 in a sand medium.  Higher organic 
and clay content in the field soils imply greater RWT retardation within the field MUS.  Adjustment of the 
observed field data to reflect the laboratory-derived RWT retardation factors resulted in an overall 
wastewater retention time of 25.4 days at the inner 3.0 m wells (wells A-D).  This arrival time 
corresponded to an average wastewater velocity of approximately 0.05 m/day.  Similar velocity values 
were determined from other well groupings.   
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Despite its non-conservative properties, RWT remains an effective tracer for identification of 
preferential flow paths, general flow directions, and potential channelization of wastewater within the 
MUS.  Future experimental MUS field sites, particularly those with low salinity regimes, will require an 
easily identifiable tracer to delineate the injected wastewater plume.  Under such conditions, RWT would 
be a very applicable tracer.  However, if accurate quantification of wastewater migration properties is 
required, alternative conservative tracers should be considered (e.g. lithium and bromide).  It is important to 
note that implementation of chloride, a commonly used conservative tracer, may create detection 
difficulties in saline subsurface conditions.    
The second section of the thesis focused on the evaluation of the MUS with respect to fecal 
bacterial removal.  System performance was evaluated as a function of injection flowrate and frequency, 
influent fecal concentrations, soil conditions, and elapsed time from system initiation.  Three flowrate 
regimes were tested (1.9, 2.8, and 5.5 L/min) to determine the impact various loadings (i.e. hydraulic, 
bacterial, and solids) had on the bacterial removal capabilities of the system.  Effective bacterial removal 
efficiency along with acceptable hydraulic system stress was observed at a flowrate of 2.8 L/min.  Injection 
pressures at this flowrate were much higher than the lower 1.9 L/min study, however, no hydraulic system 
failure (i.e. wastewater channelization) was noted.  Acute system failure was observed during the maximum 
5.5 L/min flowrate regime.  Increasing the injection frequency at the 2.8 L/min flowrate resulted in only a 
moderate rise in injection pressure.  However, hydraulic, bacterial, and solids loadings were considerably 
lower than those previously reported for other flowrate regimes, thus preventing a clear indication of the 
removal effectiveness at this flowrate/frequency.   
The greatest reduction in influent fecal concentrations was observed in the vicinity of the injection 
well.  Three- to four-order reductions in influent counts were achieved after only 1.4 vector meters of 
saturated treatment media.  Similar observations have been made in septic absorption fields where the 
majority of the influent bacteria are retained at the interface of the distribution line and the treatment media 
(Hagedorn, 1981; Brown et al., 1979).  Overall, subsurface fecal concentrations decreased with increasing 
vector distance from the injection well and were represented by a first-order decay relationship.  Based on 
the resulting decay coefficients, only 2.2 to 2.7 vector meters of media were predicted to be required for 
influent concentrations to meet effluent standards for shellfish-harvesting waters (14 most probable number 
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(MPN) of colonies per 100mL).  Over the course of the study, the number of fecal occurrences in the 
surrounding monitoring wells decreased, suggesting improved bacterial filtration over time.  Biofilm 
development and solids accumulation may have reduced the permeability of the media thus enhancing the 
degree of physical retention of bacteria exiting the injection well (Brown et al., 1979).  Ultimately, solids 
and biofilm growth will create clogging issues within the subsurface and cause injection pressures to rise 
beyond the capacity of the system.  
The extent of wastewater and bacterial transport within the Grand Bay MUS was highly dependent 
on the subsurface soil conditions.  The majority of wastewater exiting the injection well was forced 
horizontally, reflecting the overlying clay and fine sand deposits (as confirmed by the RWT study).  Fecal 
bacteria were occasionally observed at the shallower wells indicating the potential for vertical wastewater 
movement.  Macropores or seams in the clay layer in combination with density gradients may have enabled 
such transport.  Overall, the migration of wastewater appeared to be dominated by soil type (permeability) 
rather than the salinity gradient at the Grand Bay site.  
The Grand Bay MUS exhibited superior treatment performance to the Port Fourchon site.  
Although both systems effectively reduced influent fecal bacteria numbers, the Grand Bay site 
demonstrated more versatility towards changes in flowrate and loading rates.  Greater hydraulic, bacterial, 
and solids loading rates were recorded at the Grand Bay site.  Despite the higher loading rates, mean 
effluent counts were maintained consistently below the 14 MPN standard.  In fact, less than 10% of the 
total effluent samples collected contained fecal counts exceeding the shellfish-harvesting standard.  
Overall, the performance of the MUS is very promising.  Successful application of the system at two 
distinct field sites has helped prove its suitability as a valid alternative onsite treatment technique.  To 
continue its development, further field-testing is required in coastal areas of low salinity regimes (< 5 ppt).  
Both the Grand Bay and Port Fourchon sites shared similar background salinities, making it difficult to 
identify any salinity-related differences in treatment performance.  
The final section addressed the mechanisms responsible for bacterial transport within the 
subsurface of the MUS.  For a given bacterial population, there are a multitude of factors that can affect 
survival and subsequent movement through porous media.  Groundwater flow, soil type, soil permeability, 
pore water salinity, temperature, and pH are some of the external factors that can influence bacterial 
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transport.  In general, the transport of bacteria can be represented by the advection-dispersion equation, in 
much the same manner as a typical solute transport problem (Dickinson, 1991).  
Quantification of the level of retardation that wastewater bacteria may experience is essential in 
estimating the extent of bacterial penetration within a given media.  It is expected that the greatest 
penetration of bacteria within the MUS subsurface occurs during the system’s injection phase due to the 
overwhelming pump forces.  As a result, a series of continuous input laboratory column experiments were 
performed to quantify the retardation of bacteria within a sand media.  Fitting the advection-dispersion 
equation to the resulting bacterial breakthrough data returned retardation factors of 2.59 - 3.56.  The 
bacterial retardation observed during the laboratory study was attributed to sorptive effects.  The effects of 
decay and growth were considered negligible due to the limited time-scale of each column experiment (~ 5 
hrs).  In addition, no significant increase or decrease in influent fecal coliform numbers was detected during 
one of the continuous input trials.  The effects of straining were also deemed negligible in the uniform sand 
based on geometric considerations (media diameter to bacterial diameter ratio). 
Bacterial decay studies were performed on field influent wastewater to obtain an estimate of the 
rate of decay within the MUS subsurface.  The studies revealed decay coefficients of 0.29 – 0.63 day-1.  It is 
suspected, however, that these values may actually overestimate the rate of bacterial decay occurring at the 
field site.  Intermittent wastewater injection into the subsurface acts as a source of nutrients for residing 
bacterial communities.  Consumption of these nutrients may reduce bacterial die-off and, under certain 
conditions, even stimulate growth among the bacterial populations (Metcalf & Eddy, 1991).  No nutrient 
input was performed on the wastewater samples collected from the field site.  
In the case of the field MUS, soil permeability, bacterial decay and growth, and bacterial 
adsorption are expected to have a greater influence on bacterial transport than observed in the laboratory 
column studies.  Injection of wastewater into the saturated subsurface media is expected to result in the 
accumulation of bacteria immediately surrounding the point of injection.  Physical straining and adsorption 
are expected to be the major mechanisms limiting bacterial migration from the injection point due to the 
fine-textured soils and slightly acidic, saline pore water present at the field site (Scholl et al., 1990; 
Corapcioglu and Haridas, 1984; Gerba, 1975).  The injected allochthonic bacteria may also experience 
some level of decay as a result of predation (Matthess and Pekedeger, 1988) and inadequate acclimation 
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within the marsh subsurface.  Simultaneously, nutrient addition from intermittent injection of wastewater 
may encourage bacterial growth.  Over time, continued wastewater injection is expected to enhance the 
development of biofilm immediately surrounding the injection point.  This accumulation of bacteria on the 
media grains creates a new straining surface for the collection of even finer particles from the injected 
wastewater, thus improving the filtration efficiency of the system (Gerba et al., 1975).  As the biofilm 
grows, more bacterial clusters become exposed to the hydrodynamic shear forces of the bypassing 
wastewater (during the injection phase).  Once the shear forces exceed the attachment forces of the bacteria 
(to the grain surface), the clusters break off and are transported by the newly injected wastewater.  
Reattachment of the bacteria is expected to occur on media grains further from the injection point. 
Although it is suspected that the injection phase of the MUS offers the greatest driving force for 
bacterial penetration within the marsh subsurface, it is not the only means of bacterial transport.  During the 
resting phase of the MUS, the density gradient between the injected wastewater and the native pore water 
becomes the primary driving force for bacterial migration.  A single laboratory study was performed (in a 
sand media) to examine whether significant advancement of bacteria was possible under varying 
background salinities.  At a column salinity of 35 ppt, fecal bacteria were found the travel approximately 13 
cm in only 4 – 6 hours.  The study also indicated that the degree of bacterial penetration was directly 
related to the magnitude of the density gradient present.  Overall description of bacterial transport within 
the MUS requires careful consideration of both stages of operation.  During injection, factors such as 
groundwater flow, density gradients, and bacterial motility may have negligible effects on bacterial 
transport in comparison to the pump-induced forces.  However, reassessment of each factors’ impact is a 
necessity when considering transport during the resting phase. 
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Sample Description: Moss Point field sample collected from marsh surface.
Sieve Analysis
Test Date: 5/10/02
Sample Mass, Mo 293.84 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
40 0.425 59.75 233.53 79.63
60 0.250 29.95 203.58 69.41
80 0.200 18.74 184.84 63.03
100 0.150 12.71 172.13 58.69
140 0.106 19.27 152.86 52.12
200 0.075 32.4 120.46 41.07
Pan * 120.46 0.0 0.00
Total Mass, Mtot 293.28 g
Wet Sieve Results for 50 g Subsample
Initial mass 50.0 g
Final mass 22.1 g
% Passing Sieve 200 55.8 %
Hydrometer Analysis
Test Date & Time 5/13/02 10:51 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.9
Dry Weight of Soil (g) 40.93 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 23
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
5/13/02 10:52 1 24.5 24.9 60.8 25.0 12.2 0.047
5/13/02 10:53 2 22.5 22.9 55.9 23.0 12.5 0.034
5/13/02 10:54 3 20.0 20.4 49.8 20.5 12.9 0.028
5/13/02 10:55 4 17.0 17.4 42.5 17.5 13.4 0.025
5/13/02 10:59 8 11.5 11.9 29.1 12.0 14.3 0.018
5/13/02 11:06 15 9.0 9.4 23.0 9.5 14.7 0.013
5/13/02 11:36 45 8.5 8.9 21.7 9.0 14.8 0.008
5/13/02 12:07 76 8.5 8.9 21.7 9.0 14.8 0.006
5/13/02 12:50 119 8.5 8.9 21.7 9.0 14.8 0.005
5/13/02 15:24 273 8.0 8.4 20.5 8.5 14.9 0.003
5/13/02 22:53 722 8.0 8.4 20.5 8.5 14.9 0.002
5/14/02 8:12 1281 8.0 8.4 20.5 8.5 14.9 0.001
% Clay (Hydrometer) 20.5  
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Sample Description: Moss Point field sample collected from marsh surface.
Grain Size
% Finer by 
Weight D10 -- mm
(mm) (%) D17 0.019 mm
D p D30 0.032 mm
0.425 79.63 D50 0.099 mm
0.250 69.41 D60 0.164 mm
0.200 63.03 Cu #VALUE!
0.150 58.69 Cc #VALUE!
0.106 52.12
0.075 41.07 % Sand 44.2 %
0.047 33.92 % Silt 44.3 %
0.034 31.20 % Clay 11.4 %
0.028 27.79
0.025 23.71
0.018 16.21
0.013 12.81
0.008 12.13
0.006 12.13
0.005 12.13
0.003 11.44
0.002 11.44
0.001 11.44
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Sample Description: Moss Point field sample collected at a depth of 8 ft.
Sieve Analysis
Test Date: 3/23/02
Sample Mass, Mo 681.09 g
US Sieve Number Sieve Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
20 0.850 0.19 680.8 99.97
40 0.425 0.25 680.55 99.94
60 0.250 0.33 680.22 99.89
80 0.200 1.47 678.75 99.67
100 0.150 9.68 669.07 98.25
200 0.075 240.98 428.09 62.86
Pan * 428.09 0.0 0.00
* Mass passing Sieve 200 after dry sieving 1 181.3 g
Mass retained by Sieve 200 after wet sieving 258.8 g
Mass passing Sieve 200 after wet sieving 241.0 g
Mass passing Sieve 200 after dry sieving 2 5.8 g
Total Mass, Mtot 680.99 g % Passing Sieve 200 62.9 %
Hydrometer Analysis
Test Date & Time 4/12/02 13:39 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.4
Dry Weight of Soil (g) 49.32 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 21
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
4/12/02 13:40 1 40.5 40.4 81.9 41.0 9.6 0.042
4/12/02 13:41 2 37.0 36.9 74.8 37.5 10.1 0.030
4/12/02 13:42 3 33.8 33.7 68.2 34.3 10.7 0.025
4/12/02 13:43 4 32.5 32.4 65.7 33.0 10.9 0.022
4/12/02 13:47 8 29.5 29.4 59.6 30.0 11.4 0.016
4/12/02 13:54 15 26.0 25.9 52.5 26.5 12.0 0.012
4/12/02 14:11 32 22.0 21.9 44.4 22.5 12.6 0.008
4/12/02 14:39 60 20.5 20.4 41.4 21.0 12.9 0.006
4/12/02 16:56 197 19.5 19.4 39.3 20.0 13.0 0.003
4/12/02 19:59 380 18.5 18.4 37.3 19.0 13.2 0.003
4/13/02 8:54 1155 18.0 17.9 36.3 18.5 13.3 0.001
4/15/02 8:53 4034 17.0 16.9 34.3 17.5 13.4 0.001
% Clay (Hydrometer) 36.8  
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Sample Description: Moss Point field sample collected at a depth of 8 ft.
Grain Size
% Finer by 
Weight D10 -- mm
(mm) (%) D17 -- mm
D p D30 0.010 mm
0.850 99.97 D50 0.039 mm
0.425 99.94 D60 0.065 mm
0.250 99.89 Cu #VALUE!
0.200 99.67 Cc #VALUE!
0.150 98.25
0.075 62.86 % Sand 37.1 %
0.042 51.50 % Silt 39.7 %
0.030 47.04 % Clay 23.1 %
0.025 42.89
0.022 41.30
0.016 37.48
0.012 33.01
0.008 27.92
0.006 26.00
0.003 24.73
0.003 23.45
0.001 22.82
0.001 21.54
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Sample Description: Moss Point field sample collected at a depth of 10 ft.
Sieve Analysis
Test Date: 3/23/02
Sample Mass, Mo 602.99 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
20 0.850 0.09 602.3 99.99
40 0.425 0.19 602.11 99.95
60 0.250 1.12 600.99 99.77
80 0.200 47.97 553.02 91.80
100 0.150 166.62 386.4 64.14
200 0.075 156.91 229.49 38.10
Pan * 229.49 0.0 0.00
* Mass passing Sieve 200 after dry sieving 1 124.7 g
Mass retained by Sieve 200 after wet sieving 377.4 g
Mass passing Sieve 200 after wet sieving 100.9 g
Mass passing Sieve 200 after dry sieving 2 3.9 g
Total Mass, Mtot 602.39 g % Passing Sieve 200 38.1 %
Hydrometer Analysis
Test Date & Time 4/12/02 14:05 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.4
Dry Weight of Soil (g) 49.29 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 21
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
4/12/02 14:06 1 42 41.9 85.0 42.5 9.3 0.041
4/12/02 14:07 2 37 36.9 74.9 37.5 10.1 0.030
4/12/02 14:08 3 34 33.9 68.8 34.5 10.6 0.025
4/12/02 14:10 5 31 30.9 62.7 31.5 11.1 0.020
4/12/02 14:13 8 28 27.9 56.6 28.5 11.6 0.016
4/12/02 14:20 15 25 24.9 50.5 25.5 12.1 0.012
4/12/02 14:35 30 22.5 22.4 45.4 23.0 12.5 0.009
4/12/02 15:05 60 21.5 21.4 43.4 22.0 12.7 0.006
4/12/02 16:52 167 20.5 20.4 41.4 21.0 12.9 0.004
4/12/02 19:58 353 19.5 19.4 39.4 20.0 13.0 0.003
4/13/02 8:57 1132 19 18.9 38.3 19.5 13.1 0.001
4/15/02 8:52 4007 18 17.9 36.3 18.5 13.3 0.001
% Clay (Hydrometer) 38.8  
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Sample Description: Moss Point field sample collected at a depth of 10 ft.
Grain Size
% Finer by 
Weight D10 -- mm
(mm) (%) D17 0.008 mm
D p D30 0.034 mm
0.850 99.99 D50 0.103 mm
0.425 99.95 D60 0.134 mm
0.250 99.77 Cu #VALUE!
0.200 91.80 Cc #VALUE!
0.150 64.14
0.075 38.10 % Sand 61.9 %
0.041 32.38 % Silt 23.3 %
0.030 28.52 % Clay 14.8 %
0.025 26.20
0.020 23.88
0.016 21.56
0.012 19.25
0.009 17.31
0.006 16.54
0.004 15.77
0.003 14.99
0.001 14.61
0.001 13.84
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Sample Description: Moss Point field sample collected at a depth of 12 ft.
Sieve Analysis
Test Date: 3/23/02
Sample Mass, Mo 546.00 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
20 0.850 0.1 545.3 99.98
40 0.425 0.14 545.16 99.96
60 0.250 0.95 544.21 99.78
80 0.200 44.04 500.17 91.71
100 0.150 259.07 241.1 44.21
200 0.075 163.3 77.8 14.26
Pan * 77.80 0.0 0.00
* Mass passing Sieve 200 after dry sieving 1 20.7 g
Mass retained by Sieve 200 after wet sieving 470.9 g
Mass passing Sieve 200 after wet sieving 54.5 g
Mass passing Sieve 200 after dry sieving 2 2.7 g
Total Mass, Mtot 545.4 g % Passing Sieve 200 14.3 %
Hydrometer Analysis
Test Date & Time 4/12/02 14:30 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.4
Dry Weight of Soil (g) 19.56 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 21
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
4/12/02 14:31 1 15 14.9 76.2 15.5 13.8 0.050
4/12/02 14:32 2 12.5 12.4 63.4 13.0 14.2 0.036
4/12/02 14:33 3 11 10.9 55.7 11.5 14.4 0.030
4/12/02 14:34 4 10.5 10.4 53.2 11.0 14.5 0.026
4/12/02 14:36 6 10 9.9 50.6 10.5 14.6 0.021
4/12/02 14:38 8 8.5 8.4 42.9 9.0 14.8 0.018
4/12/02 14:42 12 8 7.9 40.4 8.5 14.9 0.015
4/12/02 14:45 15 8 7.9 40.4 8.5 14.9 0.013
4/12/02 15:00 30 8 7.9 40.4 8.5 14.9 0.010
4/12/02 16:49 139 8 7.9 40.4 8.5 14.9 0.004
4/12/02 20:00 330 7.5 7.4 37.8 8.0 15.0 0.003
4/13/02 8:59 1109 7.5 7.4 37.8 8.0 15.0 0.002
4/15/02 8:51 3981 7.5 7.4 37.8 8.0 15.0 0.001
% Clay (Hydrometer) 37.8  
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Sample Description: Moss Point field sample collected at a depth of 12 ft.
Grain Size
% Finer by 
Weight D10 0.153 mm
(mm) (%) D17 0.080 mm
D p D30 0.108 mm
0.850 99.98 D50 0.155 mm
0.425 99.96 D60 0.165 mm
0.250 99.78 Cu 1.08
0.200 91.71 Cc 0.462
0.150 44.21
0.075 14.26 % Sand 85.7 %
0.050 10.87 % Silt 8.9 %
0.036 9.04 % Clay 5.4 %
0.030 7.95
0.026 7.58
0.021 7.22
0.018 6.13
0.015 5.76
0.013 5.76
0.010 5.76
0.004 5.76
0.003 5.40
0.002 5.40
0.001 5.40
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Sample Description: Port Fourchon field sample collected from 0 - 4 ft.
Sieve Analysis
Test Date: 5/10/02
Sample Mass, Mo 1182.8 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
40 0.425 92.5 1090.26 92.18
60 0.250 82.98 1007.28 85.16
80 0.200 153.21 854.07 72.21
100 0.150 333.6 520.47 44.00
140 0.106 175.39 345.08 29.18
200 0.075 100.78 244.3 20.66
Pan * 244.30 0.0 0.00
Total Mass, Mtot 1182.76 g
Wet Sieve Results for 50 g Subsample
Initial mass 50.0 g
Final mass 29.3 g
% Passing Sieve 200 41.5 %
Hydrometer Analysis
Test Date & Time 5/13/02 11:11 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.9
Dry Weight of Soil (g) 49.77 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 23
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
5/13/02 11:12 1 42.0 42.4 85.2 42.5 9.3 0.041
5/13/02 11:13 2 38.0 38.4 77.2 38.5 10.0 0.030
5/13/02 11:14 3 35.0 35.4 71.1 35.5 10.5 0.025
5/13/02 11:15 4 33.5 33.9 68.1 34.0 10.7 0.022
5/13/02 11:19 8 31.0 31.4 63.1 31.5 11.1 0.016
5/13/02 11:26 15 29.0 29.4 59.1 29.5 11.5 0.012
5/13/02 11:43 32 27.0 27.4 55.1 27.5 11.8 0.008
5/13/02 12:12 61 26.0 26.4 53.0 26.5 12.0 0.006
5/13/02 15:26 255 23.5 23.9 48.0 24.0 12.4 0.003
5/13/02 22:51 700 22.5 22.9 46.0 23.0 12.5 0.002
5/14/02 8:14 1263 21.5 21.9 44.0 22.0 12.7 0.001
% Clay (Hydrometer) 46.3  
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Sample Description: Port Fourchon field sample collected from 0 - 4 ft.
Grain Size
% Finer by 
Weight D10 -- mm
(mm) (%) D17 -- mm
D p D30 0.108 mm
0.425 92.18 D50 0.159 mm
0.250 85.16 D60 0.177 mm
0.200 72.21 Cu #VALUE!
0.150 44.00 Cc #VALUE!
0.106 29.18
0.075 20.66 % Sand 58.5 %
0.041 35.35 % Silt 22.3 %
0.030 32.01 % Clay 19.2 %
0.025 29.51
0.022 28.26
0.016 26.18
0.012 24.51
0.008 22.84
0.006 22.01
0.003 19.93
0.002 19.09
0.001 18.26
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Sample Description: Port Fourchon field sample collected from 4 - 8 ft.
Sieve Analysis
Test Date: 5/10/02
Sample Mass, Mo 1520.6 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
40 0.425 18.32 1502.22 98.80
60 0.250 25.55 1476.67 97.11
80 0.200 275.32 1201.35 79.01
100 0.150 930.8 270.55 17.79
140 0.106 164.52 106.03 6.97
200 0.075 47.45 58.58 3.85
Pan * 58.58 0.0 0.00
Total Mass, Mtot 1520.54 g
Wet Sieve Results for 50 g Subsample
Initial mass 50.0 g
Final mass 43.4 g
% Passing Sieve 200 13.3 %
Hydrometer Analysis
Test Date & Time 5/13/02 11:27 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.9
Dry Weight of Soil (g) 42.68 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 23
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
5/13/02 11:28 1 33.5 33.9 79.4 34.0 10.7 0.044
5/13/02 11:29 2 29.5 29.9 70.1 30.0 11.4 0.032
5/13/02 11:30 3 25.5 25.9 60.7 26.0 12.0 0.027
5/13/02 11:31 4 23.0 23.4 54.8 23.5 12.4 0.024
5/13/02 11:35 8 21.5 21.9 51.3 22.0 12.7 0.017
5/13/02 11:42 15 20.0 20.4 47.8 20.5 12.9 0.013
5/13/02 11:58 31 18.0 18.4 43.1 18.5 13.3 0.009
5/13/02 12:30 63 17.5 17.9 41.9 18.0 13.3 0.006
5/13/02 15:27 240 16.0 16.4 38.4 16.5 13.6 0.003
5/13/02 22:50 683 15.5 15.9 37.3 16.0 13.7 0.002
5/14/02 8:15 1248 15.0 15.4 36.1 15.5 13.8 0.001
% Clay (Hydrometer) 37.3  
 110
Sample Description: Port Fourchon field sample collected from 4 - 8 ft.
Grain Size
% Finer by 
Weight D10 0.117 mm
(mm) (%) D17 0.146 mm
D p D30 0.159 mm
0.425 98.80 D50 0.175 mm
0.250 97.11 D60 0.183 mm
0.200 79.01 Cu 1.57
0.150 17.79 Cc 1.18
0.106 6.97
0.075 3.85 % Sand 86.7 %
0.044 10.55 % Silt 8.3 %
0.032 9.31 % Clay 5.0 %
0.027 8.06
0.024 7.28
0.017 6.82
0.013 6.35
0.009 5.73
0.006 5.57
0.003 5.10
0.002 4.95
0.001 4.79
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Sample Description: Port Fourchon field sample collected from 8 - 12 ft.
Sieve Analysis
Test Date: 5/10/02
Sample Mass, Mo 1251.2 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
40 0.425 20.42 1229.1 98.37
60 0.250 27.75 1201.35 96.14
80 0.200 323.94 877.41 70.22
100 0.150 619.6 257.81 20.63
140 0.106 126.15 131.66 10.54
200 0.075 77 54.66 4.37
Pan * 54.66 0.0 0.00
Total Mass, Mtot 1249.52 g
Wet Sieve Results for 50 g Subsample
Initial mass 50.0 g
Final mass 44.4 g
% Passing Sieve 200 11.2 %
Hydrometer Analysis
Test Date & Time 5/13/02 11:48 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.9
Dry Weight of Soil (g) 41.07 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 23
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
5/13/02 11:49 1 28.5 28.9 70.4 29.0 11.5 0.046
5/13/02 11:50 2 24.0 24.4 59.4 24.5 12.3 0.033
5/13/02 11:51 3 20.5 20.9 50.9 21.0 12.9 0.028
5/13/02 11:52 4 19.0 19.4 47.2 19.5 13.1 0.024
5/13/02 11:57 9 17.0 17.4 42.4 17.5 13.4 0.016
5/13/02 12:04 16 15.5 15.9 38.7 16.0 13.7 0.012
5/13/02 12:23 35 15.0 15.4 37.5 15.5 13.8 0.008
5/13/02 12:49 61 14.5 14.9 36.3 15.0 13.8 0.006
5/13/02 15:28 220 13.5 13.9 33.8 14.0 14.0 0.003
5/13/02 22:48 660 13.0 13.4 32.6 13.5 14.1 0.002
5/14/02 8:16 1228 12.5 12.9 31.4 13.0 14.2 0.001
% Clay (Hydrometer) 32.7  
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Sample Description: Port Fourchon field sample collected from 8 - 12 ft.
Grain Size
% Finer by 
Weight D10 0.103 mm
(mm) (%) D17 0.132 mm
D p D30 0.158 mm
0.425 98.37 D50 0.178 mm
0.250 96.14 D60 0.188 mm
0.200 70.22 Cu 1.83
0.150 20.63 Cc 1.29
0.106 10.54
0.075 4.37 % Sand 88.8 %
0.046 7.90 % Silt 7.6 %
0.033 6.67 % Clay 3.7 %
0.028 5.72
0.024 5.31
0.016 4.76
0.012 4.35
0.008 4.21
0.006 4.07
0.003 3.80
0.002 3.66
0.001 3.53
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Sieve Analysis
Sample Description: Clean Sand for 1-D Laboratory Studies
Quikrete Play Sand No. 1113 (pre-washed, screened, and dried)
Test Date: 7/5/01
Sample Mass, Mo 928.77 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
10 2.000 0.32 929.46 99.97 D10 0.218 mm
20 0.850 33.47 895.99 96.37 D17 0.261 mm
40 0.425 318.86 577.13 62.07 D30 0.300 mm
60 0.250 456.41 120.72 12.98 D50 0.373 mm
100 0.150 101.97 18.75 2.02 D60 0.416 mm
200 0.075 17.79 0.96 0.10 Cu 1.91
Pan 0.96 0.00 0.00 Cc 0.999
Total Mass, Mtot 929.78 g
Sample Description: Coarse diffuser material for 1-D Laboratory Studies
Test Date: 4/1/02
Sample Mass, Mo 424.95 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
-- 25.00 0 425.03 100.00 D10 2.572 mm
-- 9.50 0 425.03 100.00 D17 3.098 mm
-- 8.00 0 425.03 100.00 D30 3.507 mm
4 4.76 12.36 412.67 97.09 D50 3.841 mm
6 3.35 327.95 84.72 19.93 D60 4.020 mm
10 2.00 82.36 2.36 0.56 Cu 1.56
Pan 2.36 0.00 0.00 Cc 1.190
Total Mass, Mtot 425.03 g
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Hydraulic Conductivity (Constant Head Permeameter Test)
Sample Description: Clean Sand for 1-D Laboratory Studies
Quikrete Play Sand No. 1113 (pre-washed, screened, and dried)
Test Date: 6/29/01
Mass of Dry Sand, Ms 832.1 g
Specific Gravity of Sand, Gs (2.5 -2.8) * 2.67 (Conversation with D. Fratta)
Density of Water 1.0 g/cm3
Volume of Solids, Vs 312 cm
3
Permeameter Internal Diameter 7.5 cm
Permeameter Area 44.2 cm2
Constant Head Differential, H 30 cm
Length, L 13.4 cm
Volume, V 593 cm3
Void Ratio 0.90
Elapsed Volume Flow, Q Gradient, i Hydraulic 
Time, t of Water Cond., K
(sec) (ml) (ml/s) (cm/s)
60 210 3.50 2.233 0.035        
60 210 3.50 2.233 0.035        
Note : typical range for clean sand is 1 to 10-3 cm/s (Freeze & Cherry, 1979; Holtz et al., 1981).
* Source: Bell F.G. (1992) Engineering Properties of Soils and Rocks 3rd Edition,
Butterworth-Heinemann Ltd., Oxford.
K Determination using Hazen's Equation
D10 0.218 mm
This equation is only valid uder the following conditions:
1) clean sand (less than 5% passing No. 200 sieve)
2) D10 sizes between 0.1 and 3.0 mm
3) K > 10-3 cm/s
C varies from 0.4 to 1.2 mm and takes into account the conversion of units.
Based on effective grain size, K is estimated to be:
C 0.4 1.2
K (cm/s) 0.019 0.057
Source: Holtz, R.D. and W.D. Kovacs (1981). An Introduction to Geotechnical Engineering,
Prentice-Hall, Inc. Englewood Cliffs, New Jersey.
AH
QLK =
2
10DCK ⋅=
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Porosity Tests
Sample Description: Clean Sand for 1-D Laboratory Studies
Quikrete Play Sand No. 1113 (pre-washed, screened, and dried)
Procedure:
1) Fill varying sized beakers with gravel to a known volume
2) Introduce water into each beaker up to the surface of gravel
3) Weigh the saturated gravel + container, MT
4) Place container in oven for 24 hours
5) Weigh the dry gravel + container, Ms
6) Multiply the difference in mass to the density of water (1.0 g/cm3) to get the volume of voids
7) Divide the volume of voids by the total volume to get porosity, φ
ρw 1.0 g/cm3
Assumption : Sample is completely saturated.
Test # Date VT MT Ms Mw Vw φ Notes
(mL) (g) (g) (g) (mL)
1 6/28/01 1000 2238.6 1885.5 353.1 353.1 0.353
2 6/28/01 500 1196.6 1036.2 160.4 160.4 0.321
3 6/28/01 200 524.6 452.7 71.9 71.9 0.360
4 6/29/01 1000 2212.7 1863.6 349.1 349.1 0.349
5 6/29/01 500 1191.9 1006.9 185 185 0.370
6 6/29/01 200 513.5 440.1 73.4 73.4 0.367
Mean 0.353
Std. Dev. 0.02
Samples were 
dried for ~ 1 
day
Samples were 
dried for ~ 4 
days
Porosity of Clean Sand at Varying Known Volumes
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Appendix B: Rhodamine WT Field Study 
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RWT Field Study
RWT Concentration (ppb)
Date & Time
Elapsed 
Time
WW 
Volume 
Injected
Cumulative 
WW Vol. 
Injected A7.5 A10 B7.5 B10 C7.5 C10 D7.5 D10
(days) (gallons) (gallons)
7/11/01 17:00 0 1590 0
7/11/01 18:45 0.07 1600 10 14 3 16 5 5 10 4 2
7/11/01 22:00 0.21 1618 28 6 0 5 0 0 4 1 0
7/12/01 6:00 0.54 1650 60 14 2 14 10 7 16 3 14
7/12/01 10:00 0.71 1668 78 5 0 0 1 1 14 2 1
7/12/01 14:00 0.88 1686 96 4 0 15 8 1 38 8 3
7/12/01 18:00 1.04 1711 121 4 0 20 9 2 57 17 4
7/13/01 6:45 1.57 1765 175 3 0 15 12 6 26 14 13
7/13/01 10:00 1.71 1780 190 3 0 17 9 2 40 14 7
7/13/01 14:00 1.88 1793 203 4 1 17 16 3 28 11 9
7/13/01 18:00 2.04 1827 237 5 4 15 11 4 19 12 9
7/13/01 22:00 2.21 1856 266 2 6 7 11 6 23 5 6
7/14/01 6:00 2.54 1856 266 12 7 11 13 13 30 12 13
7/14/01 10:00 2.71 1888 298 4 3 5 6 5 23 4 7
7/14/01 14:00 2.88 1904 314 10 3 5 10 6 31 5 7
7/14/01 18:00 3.04 1925 335 4 7 65 8 5 20 5 7
7/14/01 22:00 3.21 1925 335 8 0 25 7 5 17 7 9
7/15/01 6:00 3.54 1934 344 9 8 20 13 9 24 10 16
7/15/01 10:00 3.71 1934 344 3 0 33 4 5 14 4 170
7/15/01 14:00 3.88 1984 394 2 3 21 5 4 15 5 11
7/15/01 18:30 4.06 2000 410 7 5 15 9 9 23 7 10
7/15/01 22:00 4.21 2010 420 17 7 17 20 7 26 13 8
7/16/01 6:00 4.54 2090 500 11 8 8 13 56 19 27 12
7/16/01 10:00 4.71 2090 500 28 5 8 11 34 9 22 7
7/16/01 14:00 4.88 2090 500 19 6 13 13 32 12 18 12
7/16/01 18:00 5.04 2111 521 13 8 11 22 25 11 15 9
7/16/01 22:00 5.21 2160 570 16 3 9 15 23 1000 25 8
7/17/01 6:00 5.54 2160 570 14 15 10 14 62 1000 14 10
7/17/01 10:00 5.71 2160 570 14 6 6 10 47 1000 27 7
7/17/01 14:00 5.88 2160 570 26 10 21 16 18 1000 25 9
7/17/01 18:00 6.04 2160 570 20 17 18 15 20 1000 25 8
7/17/01 22:00 6.21 2160 570 25 4 24 21 58 1000 28 14
7/18/01 10:30 6.73 2230 640 15 6 8 8 36 1000 8 24
7/19/01 12:15 7.80 2264 674 12 6 12 13 14 2720 30 383
7/19/01 18:00 8.04 2307 717 7 1 15 40 8 5850 18 8550
7/19/01 22:00 8.21 2309 719 7 7 14 840 12 5800 36 6275
7/20/01 6:00 8.54 2309 719 6 0 6 6100 9 5615 51 2525
7/20/01 9:30 8.69 2323 733 1 0 2 7350 31 5570 51 1775
7/20/01 14:00 8.88 2340 750 5 12 6 5000 13 6575 52 2130
7/20/01 17:00 9.00 2369 779 8 33 5 4910 9 5725 13 2510
7/20/01 22:00 9.21 2379 789 6 5 4 4450 15 5665 23 2400
7/21/01 10:00 9.71 2379 789 11 956 11 9960 22 9135 16 4285
7/21/01 14:00 9.88 2398 808 5 2250 18 6370 26 6290 28 2995
7/21/01 18:00 10.04 2417 827 13 1190 13 9600 27 7345 30 3750
7/21/01 22:00 10.21 2421 831 18 790 39 9215 28 7675 30 3600
7/22/01 6:00 10.54 2450 860 16 240 22 7035 23 7825 20 6405
7/22/01 10:00 10.71 2450 860 25 7250 27 5910 55 7920 32 3570
7/22/01 14:00 10.88 2450 860 24 10040 25 4315 53 9350 40 4375
7/22/01 22:00 11.21 2450 860 32 9740 53 4470 20 9380 163 5560
7/23/01 6:00 11.54 2450 860 30 4620 180 5150 46 8140 50 5325
7/23/01 10:00 11.71 2450 860 16 8490 543 3660 70 7415 29 4480
7/23/01 18:00 12.04 2474 884 15 10100 1033 4540 35 9930 10 7600
7/23/01 22:00 12.21 2494 904 55 8960 1810 5205 123 9865 43 5200
7/24/01 6:00 12.54 2503 913 10 9150 2250 5150 40 9900 9 7960
7/24/01 10:00 12.71 2507 917 12 7885 3290 4700 87 8725 38 8125
7/24/01 12:30 12.81 2512 922 13 8540 3715 4215 106 9150 111 9450
7/25/01 7:00 13.58 2524 934 13 8865 6840 3540 121 6495 13 8920
7/25/01 10:00 13.71 2535 945 10 8930 7040 3200 118 6430 53 9290
7/25/01 14:00 13.88 2535 945 20 9315 7250 2845 137 6040 118 8160
7/27/01 8:30 15.65 2641 1051 10 7965 8150 5140 87 4625 2645 9200
7/27/01 12:00 15.79 2641 1051 57 8800 9700 5220 116 3980 3140 8850
7/27/01 15:00 15.92 2641 1051 19 9250 8910 5230 146 4350 3250 9800
7/29/01 9:00 17.67 2779 1189 7 8400 9675 9765 87 9325 4440 7505
7/29/01 12:30 17.81 2779 1189 16 8750 9800 5100 115 9525 4100 8080  
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RWT Field Study
RWT Concentration (ppb)
Date & Time
Elapsed 
Time E7.5 F7.5 G7.5 H7.5 I5 I10 J5 J10 K5 K10
(days)
7/11/01 17:00 0
7/11/01 18:45 0.07 4 5 8 8 0 0 0
7/11/01 22:00 0.21 2 3 0 1 0 0 0
7/12/01 6:00 0.54 10 19 9 9 6 9 0
7/12/01 10:00 0.71 3 2 0 4 0 0 0
7/12/01 14:00 0.88 3 10 1 12 0 0 0
7/12/01 18:00 1.04 6 14 2 25 0 0 0
7/13/01 6:45 1.57 15 13 7 15 3 2 2
7/13/01 10:00 1.71 14 14 3 21 1 3 0
7/13/01 14:00 1.88 8 8 5 14 3 1 0
7/13/01 18:00 2.04 8 18 9 11 4 0 0
7/13/01 22:00 2.21 6 10 5 7 1 0 0
7/14/01 6:00 2.54 12 14 10 14 6 5 6
7/14/01 10:00 2.71 8 9 4 7 0 2 3
7/14/01 14:00 2.88 6 8 4 5 3 2 1
7/14/01 18:00 3.04 3 7 5 6 0 0 1
7/14/01 22:00 3.21 6 10 6 6 0 0 0
7/15/01 6:00 3.54 11 17 8 13 9 4 5
7/15/01 10:00 3.71 7 6 3 3 1 1 0
7/15/01 14:00 3.88 8 8 5 5 0 0 1
7/15/01 18:30 4.06 9 12 7 9 3 0 0
7/15/01 22:00 4.21 13 18 8 9 5 5 0
7/16/01 6:00 4.54 16 20 62 15 4 5 3
7/16/01 10:00 4.71 11 10 52 7 3 0 3
7/16/01 14:00 4.88 10 12 43 9 3 3 3
7/16/01 18:00 5.04 10 14 27 13 1 3 3
7/16/01 22:00 5.21 19 14 39 20 3 1 1
7/17/01 6:00 5.54 12 19 41 16 4 1
7/17/01 10:00 5.71 7 18 37 9 4 3 5
7/17/01 14:00 5.88 14 14 31 19 33 0 7
7/17/01 18:00 6.04 16 14 22 16 18 0 26
7/17/01 22:00 6.21 15 23 27 14 10 0 6
7/18/01 10:30 6.73 9 15 15 8 11 2 7
7/19/01 12:15 7.80 18 10 16 19 6 12 11
7/19/01 18:00 8.04 16 73 10 16 3 9 1
7/19/01 22:00 8.21 15 85 16 18 3 10 2
7/20/01 6:00 8.54 11 24 15 16 3 8 0
7/20/01 9:30 8.69 7 9 11 6 2 5 0
7/20/01 14:00 8.88 6 23 10 4 1 0 -1
7/20/01 17:00 9.00 6 12 12 5 1 501 -1
7/20/01 22:00 9.21 8 15 13 10 4 158 3
7/21/01 10:00 9.71 13 19 12 28 88 193 10
7/21/01 14:00 9.88 23 30 31 28 20 16 190
7/21/01 18:00 10.04 24 25 37 30 16 156 14
7/21/01 22:00 10.21 24 25 30 28 14 76 13
7/22/01 6:00 10.54 20 24 31 27 16 50 15
7/22/01 10:00 10.71 26 25 78 26 15 36 18
7/22/01 14:00 10.88 22 21 28 26 14 40 12
7/22/01 22:00 11.21 23 76 28 12 1 30 1
7/23/01 6:00 11.54 20 24 24 20 9 23 4
7/23/01 10:00 11.71 10 28 48 10 6 18 2
7/23/01 18:00 12.04 38 30 44 14 3 9 3
7/23/01 22:00 12.21 16 43 32 20 20 28 9
7/24/01 6:00 12.54 16 12 36 15 2 9 3
7/24/01 10:00 12.71 16 22 39 9 4 10 5
7/24/01 12:30 12.81 12 32 39 12 2 10 4
7/25/01 7:00 13.58 12 22 101 26 14 18 6
7/25/01 10:00 13.71 15 20 106 18 12 30 5
7/25/01 14:00 13.88 20 53 111 56 25 40 18
7/27/01 8:30 15.65 5 20 54 10 6 3 1
7/27/01 12:00 15.79 11 36 68 12 3 15 8
7/27/01 15:00 15.92 9 42 178 11 5 6 16
7/29/01 9:00 17.67 9 64 102 11 6 12 24
7/29/01 12:30 17.81 20 93 119 20 12 16 10  
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RWT Field Study
RWT Concentration (ppb)
Date & Time
Elapsed 
Time L5 L10 M5 M7.5 N5 N7.5 O5 O7.5 P5 P7.5
(days)
7/11/01 17:00 0
7/11/01 18:45 0.07 0 4 10 5 6 3 2 3 6
7/11/01 22:00 0.21 0 0 10 4 3 0 4 0 1
7/12/01 6:00 0.54 0 5 8 15 9 6 14 12 9
7/12/01 10:00 0.71 0 0 32 5 4 1 5 1 13
7/12/01 14:00 0.88 0 0 44 5 7 1 8 1 33
7/12/01 18:00 1.04 0 2 31 5 3 2 15 1 45
7/13/01 6:45 1.57 1 7 60 10 8 7 8 7 30
7/13/01 10:00 1.71 0 2 112 9 6 1 19 2 34
7/13/01 14:00 1.88 0 3 66 8 3 4 11 3 32
7/13/01 18:00 2.04 1 4 23 11 5 7 22 4 25
7/13/01 22:00 2.21 0 5 23 0 0 5 5 6 32
7/14/01 6:00 2.54 4 9 41 14 15 10 13 9 28
7/14/01 10:00 2.71 0 3 18 10 10 3 22 5 20
7/14/01 14:00 2.88 1 4 22 11 5 6 13 4 16
7/14/01 18:00 3.04 0 5 15 10 9 6 11 3 13
7/14/01 22:00 3.21 1 5 34 11 9 6 7 2 14
7/15/01 6:00 3.54 5 10 18 14 17 9 18 8 23
7/15/01 10:00 3.71 0 4 13 5 6 5 10 1 15
7/15/01 14:00 3.88 0 2 30 5 9 6 2 3 18
7/15/01 18:30 4.06 0 9 21 13 12 10 5 7 25
7/15/01 22:00 4.21 0 14 23 15 18 12 10 11 29
7/16/01 6:00 4.54 1 12 11 16 11 12 10 11 20
7/16/01 10:00 4.71 0 7 26 16 12 9 15 6 11
7/16/01 14:00 4.88 2 7 20 11 7 8 26 9 28
7/16/01 18:00 5.04 2 9 24 13 16 10 12 8 16
7/16/01 22:00 5.21 -1 11 13 10 9 13 16 8 9
7/17/01 6:00 5.54 8 18 13 10 9 17 10 10
7/17/01 10:00 5.71 3 17 7 18 12 9 10 7 9
7/17/01 14:00 5.88 1 17 8 15 12 12 15 12 11
7/17/01 18:00 6.04 0 18 11 17 17 24 20 17 17
7/17/01 22:00 6.21 5 29 25 18 13 10 37 14 12
7/18/01 10:30 6.73 2 16 13 10 11 8 17 12 9
7/19/01 12:15 7.80 7 11 59 9 12 29 18 10 40
7/19/01 18:00 8.04 0 8 40 6 8 8 17 7 30
7/19/01 22:00 8.21 3 8 90 13 12 11 25 13 60
7/20/01 6:00 8.54 0 13 38 9 11 10 16 11 28
7/20/01 9:30 8.69 -1 5 45 10 5 9 26 8 16
7/20/01 14:00 8.88 -2 6 36 22 10 5 44 8 40
7/20/01 17:00 9.00 132 5 30 8 9 10 12 6 43
7/20/01 22:00 9.21 60 3 54 15 12 8 16 5 34
7/21/01 10:00 9.71 9 16 38 13 1 16 27 17 14
7/21/01 14:00 9.88 17 24 52 26 25 26 50 24 38
7/21/01 18:00 10.04 13 26 44 23 24 27 42 36 23
7/21/01 22:00 10.21 13 22 55 27 25 24 55 22 31
7/22/01 6:00 10.54 15 20 56 29 23 27 21 32 23
7/22/01 10:00 10.71 20 24 43 26 26 24 46 24 27
7/22/01 14:00 10.88 16 20 29 25 23 22 45 20 23
7/22/01 22:00 11.21 8 9 10 16 28 26 13 24 18
7/23/01 6:00 11.54 7 18 12 16 14 18 11 13 12
7/23/01 10:00 11.71 10 10 12 11 9 15 19 8 15
7/23/01 18:00 12.04 9 10 34 13 11 22 12 26 14
7/23/01 22:00 12.21 10 20 32 12 10 17 18 27 30
7/24/01 6:00 12.54 10 12 24 10 10 23 9 22 16
7/24/01 10:00 12.71 9 9 10 8 10 24 12 12 15
7/24/01 12:30 12.81 7 9 12 10 10 13 12 9 13
7/25/01 7:00 13.58 10 16 32 15 20 16 26 18 10
7/25/01 10:00 13.71 10 12 33 10 18 3 10 20 6
7/25/01 14:00 13.88 21 18 46 25 26 22 30 18 48
7/27/01 8:30 15.65 1 3 18 0 2 4 14 9 24
7/27/01 12:00 15.79 5 14 48 12 7 13 18 12 10
7/27/01 15:00 15.92 4 14 22 13 0 7 16 7 19
7/29/01 9:00 17.67 4 107 40 11 17 11 13 9 32
7/29/01 12:30 17.81 14 96 43 17 20 18 21 13 35  
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RWT Field Study
RWT Concentration (ppb)
Date & Time
Elapsed 
Time
WW 
Volume 
Injected
Cumulative 
WW Vol. 
Injected A7.5 A10 B7.5 B10 C7.5 C10 D7.5 D10
(days) (gallons) (gallons)
7/29/01 15:00 17.92 2779 1189 7 8800 10500 10440 95 10520 4050 8445
8/1/01 13:30 20.85 2899 1309 8 5640 6860 7390 56 8010 1444 4545
8/7/01 8:30 26.65 3251 1661 4 4780 7640 3540 100 6705 1880 6325
8/14/01 11:00 33.75 3448 1858 29 1659 4270 2405 112 2225 2090 900
8/23/01 11:00 42.75 3491 1901 16 1625 3125 2040 24 2335 1771 2285
9/5/01 11:00 55.75 3491 1901 114 1432 2005 1838 74 2220 645 1191
9/17/01 11:00 67.75 3785 2195 18 970 742 843 54 1435 465 1362
10/3/01 12:30 83.81 4638 3048 27 1028 849 495 17 518 422 385
10/22/01 11:00 102.75 5535 3945 4 661 486 268 13 381 385 235
11/19/01 13:00 130.83 6777 5187 16 180 244 239 20 317 176 167
12/3/01 12:00 144.79 7071 5481 6 383 231 208 39 223 77 123
12/16/01 12:00 157.79 7271 5681 6 132 185 -- 26 145 66 90
1/8/02 12:00 180.79 7975 6385 7 115 113 123 29 111 50 106
1/21/02 12:00 193.79 8410 6820 6 200 143 109 6 107 53 114
2/4/02 12:00 207.79 10602 9012 4 89 139 54 5 123 49 110
2/18/02 12:00 221.79 13657 12067 273 82 146 22 46 87 63 59
3/5/02 12:00 236.79 16305 14715 0 95 112 51 20 101 53 49  
 
RWT Concentration (ppb)
Date & Time
Elapsed 
Time E7.5 F7.5 G7.5 H7.5 I5 I10 J5 J10 K5 K10
(days)
7/29/01 15:00 17.92 9 116 100 14 6 9 8
8/1/01 13:30 20.85 9 27 77 10 9 5 1
8/7/01 8:30 26.65 11 39 12 6 1 0 -2
8/14/01 11:00 33.75 225 2260 28 38 22 3765 6
8/23/01 11:00 42.75 51 139 34 23 229 8545 7
9/5/01 11:00 55.75 40 36 86 31 7945 9000 12
9/17/01 11:00 67.75 39 21 41 30 8625 9615 19
10/3/01 12:30 83.81 29 355 20 17 3740 7160 7855
10/22/01 11:00 102.75 75 288 11 29 2140 4750 9670
11/19/01 13:00 130.83 12 31 21 19 44 1328 25 1534 22 1886
12/3/01 12:00 144.79 6 49 17 3 34 1373 14 961 16 958
12/16/01 12:00 157.79 7 22 24 16 12 1050 9 831 12 451
1/8/02 12:00 180.79 6 32 22 10 18 930 16 563 23 636
1/21/02 12:00 193.79 5 4 8 0 6 1270 9 770 9 1070
2/4/02 12:00 207.79 5 13 16 7 10 1002 12 583 14 400
2/18/02 12:00 221.79 17 27 28 16 4 1090 3 411 15 582
3/5/02 12:00 236.79 1 18 25 2 12 818 -- 302 23 1030  
 
RWT Concentration (ppb)
Date & Time
Elapsed 
Time L5 L10 M5 M7.5 N5 N7.5 O5 O7.5 P5 P7.5
(days)
7/29/01 15:00 17.92 10 158 19 9 8 27 9 6 30
8/1/01 13:30 20.85 5 216 33 15 13 6 10 9 25
8/7/01 8:30 26.65 -2 24 34 176 128 6 10 3 11
8/14/01 11:00 33.75 86 30 25 6460 3960 16 32 12 211
8/23/01 11:00 42.75 7780 16 34 7010 2815 8 14 69 29
9/5/01 11:00 55.75 7080 16 15 8400 8575 5 5 14 15
9/17/01 11:00 67.75 3645 22 23 5400 6050 31 107 20 12
10/3/01 12:30 83.81 8360 27 5 5850 4010 83 33 77 16
10/22/01 11:00 102.75 4990 7 21 1156 926 10 90 15 5
11/19/01 13:00 130.83 93 1341 25 21 1551 2615 25 97 39 22
12/3/01 12:00 144.79 75 1032 19 15 774 1091 22 37 101 8
12/16/01 12:00 157.79 49 966 15 11 334 1230 12 192 19 11
1/8/02 12:00 180.79 50 1800 21 23 554 377 20 326 35 18
1/21/02 12:00 193.79 44 5320 22 2 994 1548 2 617 8 2
2/4/02 12:00 207.79 51 4260 29 24 -- 423 30 305 23 22
2/18/02 12:00 221.79 46 1135 6 19 297 428 -- 410 6 6
3/5/02 12:00 236.79 42 948 20 17 344 280 57 1580 15 10  
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Appendix C: One-Dimensional Rhodamine WT Experimental Studies 
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1-D Rhodamine WT Study - Trial 1
Test Date 10/24/01
Conducted By SR & PD
Flowrate 5.90 ml/min
Pore Volume ~ 360 ml
C/Co
Date / Time
Elapsed 
Time (min)
Pore Vol. 
(Τ)
Mean 
Incr. PV Salinity
Rev. 
Salinity
Rhodamine 
Conc. 
10/24/01 17:45 0 0.00 0.994 0.006 0.00
10/24/01 17:55 10 0.16 0.08 0.974 0.026 0.02
10/24/01 18:05 20 0.33 0.25 1.006 -0.006 0.00
10/24/01 18:15 30 0.49 0.41 1.000 0.000 0.00
10/24/01 18:25 40 0.65 0.57 0.987 0.013 0.00
10/24/01 18:35 50 0.82 0.74 0.895 0.105 0.00
10/24/01 18:45 60 0.98 0.90 0.450 0.550 0.24
10/24/01 18:55 70 1.15 1.06 0.195 0.805 0.41
10/24/01 19:05 80 1.31 1.23 0.022 0.978 0.57
10/24/01 19:15 90 1.47 1.39 0.016 0.984 0.57
10/24/01 19:25 100 1.64 1.56 0.013 0.987 0.54
10/24/01 19:35 110 1.80 1.72 0.013 0.987 0.55
10/24/01 19:45 120 1.96 1.88 0.013 0.987 0.55
10/24/01 19:55 130 2.13 2.05 0.013 0.987 0.57
10/24/01 20:05 140 2.29 2.21 0.013 0.987 0.62
10/24/01 20:15 150 2.46 2.37 0.010 0.990 0.83
10/24/01 20:25 160 2.62 2.54 0.010 0.990 0.96
10/24/01 20:35 170 2.78 2.70 0.010 0.990 1.01
10/24/01 20:45 180 2.95 2.87 0.006 0.994 1.08
10/24/01 21:05 200 3.27 3.11 0.006 0.994 1.14
10/24/01 21:25 220 3.60 3.44 0.003 0.997 1.14
10/24/01 21:45 240 3.93 3.77 0.003 0.997 1.14
10/24/01 22:05 260 4.26 4.09 0.003 0.997 1.14
10/24/01 22:25 280 4.59 4.42 0.003 0.997 1.14
10/24/01 22:45 300 4.91 4.75 0.000 1.000 1.12  
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1-D Rhodamine WT Study - Trial 1
Freshwater Tracer (FW) Rhodamine WT (RWT) - 1st Moment
∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg) ∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg)
RWT 
Retardation 
Factor
0.994 1.013 1.02 1.124 1.987 1.77 1.73
0.019 0.002 0.016 0.001
-0.032 -0.008 -0.013 -0.003
0.006 0.003 -0.005 -0.002
0.013 0.007 0.005 0.003
0.093 0.068 -0.001 -0.001
0.444 0.400 0.237 0.213
0.256 0.272 0.171 0.182
0.173 0.212 0.156 0.191
0.006 0.009 -0.001 -0.002
0.003 0.005 -0.020 -0.032
0.000 0.000 0.005 0.009
0.000 0.000 -0.001 -0.002
0.000 0.000 0.024 0.049
0.000 0.000 0.052 0.115
0.003 0.008 0.202 0.478
0.000 0.000 0.136 0.344
0.000 0.000 0.052 0.140
0.003 0.009 0.071 0.203
0.000 0.000 0.056 0.174
0.003 0.011 -0.004 -0.013
0.000 0.000 0.003 0.010
0.000 0.000 0.001 0.005
0.000 0.000 -0.004 -0.017
0.003 0.015 -0.013 -0.060
∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg)
RWT 
Retardation 
Factor
Isomer 1 0.550 0.561 1.02 1.00
Isomer 2 0.574 1.426 2.48 2.44
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1-D Rhodamine WT Study - Trial 2
Test Date 1/28/02
Conducted By SR
Flowrate 5.26 ml/min
Pore Volume ~ 360 ml
C/Co
Date / Time
Elapsed 
Time (min)
Pore Vol. 
(Τ)
Mean 
Incr. PV Salinity
Rev. 
Salinity
Rhodamine 
Conc. 
1/28/02 10:45 0 0.00 1.00 0.00 0.00
1/28/02 10:55 10 0.15 0.07 1.01 -0.01 0.00
1/28/02 11:05 20 0.29 0.22 1.02 -0.02 0.00
1/28/02 11:15 30 0.44 0.37 1.02 -0.02 0.00
1/28/02 11:25 40 0.58 0.51 1.02 -0.02 0.00
1/28/02 11:35 50 0.73 0.66 1.02 -0.02 0.00
1/28/02 11:45 60 0.88 0.80 0.66 0.34 0.12
1/28/02 11:55 70 1.02 0.95 0.33 0.67 0.30
1/28/02 12:05 80 1.17 1.10 0.18 0.82 0.39
1/28/02 12:15 90 1.32 1.24 0.07 0.93 0.45
1/28/02 12:25 100 1.46 1.39 0.02 0.98 0.48
1/28/02 12:35 110 1.61 1.54 0.01 0.99 0.49
1/28/02 12:45 120 1.75 1.68 0.01 0.99 0.49
1/28/02 12:55 130 1.90 1.83 0.01 0.99 0.48
1/28/02 13:05 140 2.05 1.97 0.01 0.99 0.49
1/28/02 13:15 150 2.19 2.12 0.00 1.00 0.48
1/28/02 13:45 180 2.63 2.41 0.00 1.00 0.72
1/28/02 14:15 210 3.07 2.85 0.00 1.00 0.95
1/28/02 14:45 240 3.51 3.29 0.00 1.00 1.07
1/28/02 15:15 270 3.95 3.73 0.00 1.00 1.08
1/28/02 15:45 300 4.39 4.17 0.00 1.00 1.05  
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1-D Rhodamine WT Study - Trial 2
Freshwater Tracer (FW) Rhodamine WT (RWT)
∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg) ∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg)
RWT 
Retardation 
Factor
1.000 1.011 1.01 1.052 2.021 1.92 1.90
-0.008 -0.001 0.000 0.000
-0.011 -0.002 0.000 0.000
-0.004 -0.001 0.000 0.000
0.008 0.004 0.000 0.000
0.000 0.000 0.000 0.000
0.356 0.286 0.121 0.097
0.330 0.313 0.179 0.170
0.152 0.166 0.089 0.098
0.106 0.132 0.064 0.080
0.049 0.068 0.030 0.042
0.011 0.017 0.008 0.012
0.004 0.006 -0.005 -0.008
0.000 0.000 -0.001 -0.002
0.000 0.000 0.009 0.017
0.004 0.008 -0.009 -0.019
0.000 0.000 0.239 0.577
0.000 0.000 0.230 0.656
0.004 0.012 0.116 0.381
-0.004 -0.014 0.011 0.042
0.004 0.016 -0.029 -0.121
∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg)
RWT 
Retardation 
Factor
Isomer 1 0.486 0.490 1.01 1.00
Isomer 2 0.566 1.532 2.71 2.68
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1-D Rhodamine WT Study - Trial 3
Test Date 2/27/02
Conducted By SR
Flowrate 5.31 ml/min
Pore Volume ~ 360 ml
C/Co
Date / Time
Elapsed 
Time (min)
Pore Vol. 
(Τ)
Mean 
Incr. PV Salinity
Rev. 
Salinity
Rhodamine 
Conc. 
2/7/02 9:45 0 0.00 1.00 0.00 0.00
2/7/02 9:55 10 0.15 0.07 1.01 -0.01 0.00
2/7/02 10:05 20 0.29 0.22 1.00 0.00 0.00
2/7/02 10:15 30 0.44 0.37 1.01 -0.01 0.00
2/7/02 10:25 40 0.59 0.52 1.01 -0.01 0.00
2/7/02 10:35 50 0.74 0.66 0.97 0.03 0.00
2/7/02 10:45 60 0.88 0.81 0.78 0.22 0.09
2/7/02 10:55 70 1.03 0.96 0.44 0.56 0.25
2/7/02 11:05 80 1.18 1.11 0.15 0.85 0.39
2/7/02 11:15 90 1.33 1.25 0.08 0.92 0.45
2/7/02 11:25 100 1.47 1.40 0.03 0.97 0.47
2/7/02 11:35 110 1.62 1.55 0.02 0.98 0.49
2/7/02 11:45 120 1.77 1.70 0.01 0.99 0.46
2/7/02 11:55 130 1.92 1.84 0.01 0.99 0.49
2/7/02 12:05 140 2.06 1.99 0.01 0.99 0.48
2/7/02 12:15 150 2.21 2.14 0.01 0.99 0.50
2/7/02 12:45 180 2.65 2.43 0.01 0.99 0.89
2/7/02 13:15 210 3.10 2.87 0.01 0.99 0.99
2/7/02 13:45 240 3.54 3.32 0.01 0.99 1.06
2/7/02 14:15 270 3.98 3.76 0.00 1.00 1.05
2/7/02 14:45 300 4.42 4.20 0.00 1.00 1.08
2/7/02 15:45 360 5.31 4.86 0.00 1.00 1.09  
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1-D Rhodamine WT Study - Trial 3
Freshwater Tracer (FW) Rhodamine WT (RWT)
∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg) ∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg)
RWT 
Retardation 
Factor
1.000 1.058 1.06 1.086 2.126 1.96 1.85
-0.015 -0.001 0.000 0.000
0.011 0.002 0.000 0.000
-0.007 -0.003 0.000 0.000
0.000 0.000 0.000 0.000
0.037 0.024 0.002 0.002
0.194 0.157 0.091 0.074
0.344 0.330 0.158 0.151
0.282 0.312 0.143 0.158
0.073 0.092 0.054 0.067
0.048 0.067 0.024 0.034
0.011 0.017 0.015 0.023
0.007 0.012 -0.025 -0.043
0.000 0.000 0.025 0.046
0.004 0.007 -0.005 -0.009
0.000 0.000 0.014 0.029
0.004 0.009 0.396 0.963
0.000 0.000 0.100 0.289
0.000 0.000 0.065 0.216
0.004 0.014 -0.005 -0.017
0.000 0.000 0.026 0.110
0.004 0.018 0.007 0.033
∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg)
RWT 
Retardation 
Factor
Isomer 1 0.461 0.465 1.01 0.95
Isomer 2 0.624 1.661 2.66 2.51
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1-D Rhodamine WT Study - Trial 4
Test Date 4/17/02
Conducted By SR
Flowrate 5.74 ml/min
Pore Volume ~ 360 ml
C/Co
Date / Time
Elapsed 
Time (min)
Pore 
Volumes
Mean 
Incr. PV Salinity
Rev. 
Salinity
Rhodamine 
Conc. 
4/17/02 9:25 0 0.00 1.00 0.00 0.00
4/17/02 9:35 10 0.16 0.08 0.99 0.01 0.00
4/17/02 9:45 20 0.32 0.24 0.98 0.02 0.00
4/17/02 9:55 30 0.48 0.40 0.98 0.02 0.00
4/17/02 10:05 40 0.64 0.56 0.98 0.02 0.00
4/17/02 10:15 50 0.80 0.72 0.96 0.04 0.00
4/17/02 10:25 60 0.96 0.88 0.65 0.35 0.04
4/17/02 10:35 70 1.12 1.04 0.29 0.71 0.18
4/17/02 10:45 80 1.28 1.20 0.08 0.92 0.43
4/17/02 10:55 90 1.44 1.36 0.01 0.99 0.56
4/17/02 11:05 100 1.60 1.52 0.01 0.99
4/17/02 11:15 110 1.75 1.68 0.00 1.00
4/17/02 11:25 120 1.91 1.83 0.00 1.00 0.55
4/17/02 11:35 130 2.07 1.99 0.00 1.00
4/17/02 11:45 140 2.23 2.15 0.00 1.00
4/17/02 11:55 150 2.39 2.31 0.00 1.00 0.64
4/17/02 12:25 180 2.87 2.63 0.00 1.00 0.96
4/17/02 12:55 210 3.35 3.11 0.00 1.00 1.10
4/17/02 13:25 240 3.83 3.59 0.00 1.00 1.12
4/17/02 13:55 270 4.31 4.07 0.00 1.00 1.09
4/17/02 14:25 300 4.79 4.55 0.00 1.00 1.11
4/17/02 15:25 360 5.74 5.26 0.00 1.00 1.12
4/17/02 16:25 420 6.70 6.22 0.00 1.00 1.10
4/17/02 17:25 480 7.66 7.18 0.00 1.00 1.09
4/17/02 18:25 540 8.62 8.14 0.00 1.00 1.08  
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1-D Rhodamine WT Study - Trial 4
Freshwater Tracer (FW) Rhodamine WT (RWT)
∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg) ∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg)
RWT 
Retardation 
Factor
1.000 1.032 1.03 1.081 1.955 1.81 1.75
0.011 0.001 0.005 0.000
0.011 0.003 -0.003 -0.001
0.000 0.000 0.001 0.000
0.000 0.000 -0.002 -0.001
0.021 0.015 0.003 0.003
0.305 0.268 0.038 0.034
0.365 0.379 0.138 0.143
0.206 0.246 0.255 0.305
0.067 0.091 0.124 0.169
0.007 0.011 -0.009 -0.017
0.004 0.006 0.090 0.207
0.000 0.000 0.320 0.842
0.000 0.000 0.142 0.441
0.000 0.000 0.015 0.054
0.000 0.000 -0.026 -0.104
0.000 0.000 0.021 0.095
0.000 0.000 0.003 0.018
0.004 0.013 -0.019 -0.116
0.000 0.000 -0.006 -0.042
0.000 0.000 -0.009 -0.076
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
∆(C/Co) Τ∆(C/Co)
Mean 
Pore Vol. 
(Τavg)
RWT 
Retardation 
Factor
Isomer 1 0.550 0.635 1.15 1.12
Isomer 2 0.531 1.321 2.49 2.41
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Appendix D: Two-Dimensional Rhodamine WT Experimental Studies 
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5 ppt - 03/04/02 9:00 (t = 5min)
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03/05/02 16:00 (t = 31 hr)
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Appendix E: Statistical Spreadsheets 
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Test of Hypothesis Concerning the Difference Between Two Means
Question: Does salinity concentration have a significant impact on the retardation of RWT?
Port ID 1/13/02 1/30/02 2/19/02 2/27/02 3/4/02
37.3 ppt 38.0 ppt 37.7 ppt 26.5 ppt 16.2 ppt 5.5 ppt
B1 -- -- - -- -- --
B2 1.0 0.2 0.6 0.2 0.3 1.3
B3 1.8 1.2 1.5 0.5 0.7 1.6
C1 0.9 1.9 1.4 0.5 1.0 2.2
C2 0.3 0.5 0.4 0.2 0.2 1.5
C3 -- -- -- -- -- --
F1 1.0 -- 1.0 -- -- --
F2 1.3 1.2 1.2 0.8 1.0 1.5
F3 1.6 1.1 1.4 1.0 1.2 1.1
G1 1.1 1.2 1.2 1.1 1.1 1.1
G2 0.8 1.1 0.9 1.0 0.9 1.0
G3 -- -- -- -- -- --
J1 1.0 -- 1.0 1.0 -- --
J2 1.0 1.0 1.0 1.0 1.0 1.0
J3 1.0 1.0 1.0 1.0 1.0 1.0
K1 1.0 1.0 1.0 1.2 1.0 1.0
K2 -- 1.0 1.0 1.1 1.0 1.0
K3 -- -- -- -- 1.0 1.0
N1 1.3 -- 1.3 -- -- --
N2 1.1 -- 1.1 -- -- --
N3 1.1 -- 1.1 1.0 -- --
O1 1.0 1.0 1.0 -- 1.0 --
O2 1.1 -- 1.1 1.0 -- --
O3 -- -- -- -- -- --
Salinity Identifier RWT Retardation Factors
(ppt) n Mean Std. Dev. 
5.5 1 9 1.08 0.18
16.2 2 10 1.03 0.06
26.5 3 11 1.02 0.08
37.7 4 23 1.09 0.16
a 14 1.11 0.19
b 9 1.07 0.09
Note: Data from ports B1 - C3 are not included in the above summary
Null Hypothesis Ho: µ1 - µ2 = 0
Alt. Hypothesis H1: µ1 - µ2 =/ 0
Test Comparisons P(T<=t) Reject Ho?
1 vs. 2 0.40 No
1 vs. 3 0.35 No
1 vs. 4 0.89 No
2 vs. 3 0.82 No
2 vs. 4 0.18 No
3 vs. 4 0.14 No  
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Test of Hypothesis Concerning the Difference Between Two Means
Question: Is the effluent water quality of the MUS superior to background conditions at each flowrate
investigated?
Assumptions: the population is normally distributed (see SAS output).
the measurements are independent of one and other
Notes: Instances where TNTC was observed, the highest detectable concentration over the
study was recorded
Date Background log(BG) Date Effluent log(Effluent)
06/21/01 118 2.072 06/21/01 6 1
08/14/01 195 2.290 07/02/01 13.5 1.1
08/23/01 17 1.230 07/10/01 0 -1.0
09/05/01 195 2.290 08/14/01 18.0 1.3
09/17/01 28 1.447 08/23/01 0.3 -0.6
10/22/01 57 1.756 09/17/01 0.5 -0.3
11/05/01 11 1.041 10/22/01 0.5 -0.3
11/19/01 10 1.000 11/05/01 7.2 0.9
12/03/01 92 1.964 11/19/01 3.5 0.5
12/16/01 30 1.477 12/03/01 4.5 0.7
01/08/02 0 -1.000 12/16/01 1.3 0.1
01/21/02 51 1.708 01/08/02 0 -1.0
02/04/02 31 1.491 01/21/02 4.5 0.6
02/18/02 2 0.301 02/04/02 6.0 0.8
03/05/02 29 1.462 02/18/02 0 -1.0
03/18/02 1 0.000 03/05/02 0 -1.0
04/02/02 195 2.290 03/18/02 0 -1.0
04/15/02 163 2.212 04/02/02 3.0 0.5
05/22/02 0 -1.000 04/15/02 0.1 -1.1
05/22/02 0.1 -1
Background Effluent
n 19 20 Null Hypothesis Ho: µ1 - µ2 = 0
Sample Mean 64.5 3.5 Alt. Hypothesis H1: µ1 - µ2 < 0
Standard Dev 72.2 4.9
Statistical One Tailed Tests
Flowrate P(F<=f) Type P(T<=t) Result
0.5 gpm 0.0003 3 0.03019 Reject Ho
0.75 gpm (1) 0.0000 3 0.01603 Reject Ho
0.75 gpm (2) 0.0003 3 0.09447 Cannot Reject Ho
Overall 0.0000 3 0.00086 Reject Ho
Type 2 = Samples sets have equal variances
Type 3 = Sample sets have unequal variances
Statistical One Tailed Tests
Flowrate P(F<=f) Type P(T<=t) Result
0.5 gpm 0.1316 2 0.01154 Reject Ho
0.75 gpm (1) 0.4103 2 0.01132 Reject Ho
0.75 gpm (2) 0.1862 2 0.11236 Cannot Reject Ho
Overall 0.2309 2 0.00005 Reject Ho
0.
5 
gp
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4
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SAS Code  
• Determination of normality for background (Location 1) and effluent (Location2) datasets 
• Determination of normality for log-transformed background and effluent datasets 
• Perform t-test on log-transformed fecal coliform datasets 
• Perform non-parametric analysis on fecal coliform datasets 
 
data one; 
input Location FC; 
logFC=log(FC); 
Datalines; 
 
1 118 
1 195 
1 17 
1 195 
1 28 
1 57 
1 11 
1 10 
1 92 
1 30 
1 0 
1 51 
1 31 
1 2 
1 29 
1 1 
1 195 
1 163 
1 0 
2 6 
2 13.5 
2 0 
2 18.0 
2 0.3 
2 0.5 
2 0.5 
2 7.2 
2 3.5 
2 4.5 
2 1.3 
2 0 
2 4.5 
2 6.0 
2 0 
2 0 
2 0 
2 3.0 
2 0.1 
2 0.1 
; 
 
proc univariate data=one normal; 
by 
run; 
location; var FC; var logFC; 
 
proc ttest data=one; 
cla
run; 
ss location; var logFC; 
 
proc npar1way data=one wilcoxon; 
cla
run; 
ss location; var FC; 
 
quit; 
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SAS Output 
 
Tests for Normality 
 
--------------------------------- Location=1 --------------------------------- 
 
                                Variable:  FC 
 
          Test                  --Statistic---    -----p Value------ 
          Shapiro-Wilk          W     0.792389    Pr < W      0.0009 
 
                               Variable:  logFC 
 
          Test                  --Statistic---    -----p Value------ 
          Shapiro-Wilk          W     0.908286    Pr < W      0.0936 
 
--------------------------------- Location=2 --------------------------------- 
 
                                Variable:  FC 
 
          Test                  --Statistic---    -----p Value------ 
          Shapiro-Wilk          W     0.737958    Pr < W      0.0001 
 
                               Variable:  logFC 
 
          Test                  --Statistic---    -----p Value------ 
          Shapiro-Wilk          W     0.909404    Pr < W      0.1326 
 
The TTEST Procedure 
 
                                   T-Tests 
 
    Variable    Method           Variances      DF    t Value    Pr > |t| 
 
    logFC       Pooled           Equal          30       5.06      <.0001 
    logFC       Satterthwaite    Unequal      28.7       5.03      <.0001 
 
 
                            Equality of Variances 
 
        Variable    Method      Num DF    Den DF    F Value    Pr > F 
 
        logFC       Folded F        14        16       1.19    0.7363 
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The NPAR1WAY Procedure (Non-Parametric Analysis) 
 
                 Wilcoxon Scores (Rank Sums) for Variable FC 
                       Classified by Variable Location 
 
                           Sum of      Expected       Std Dev          Mean 
   Location       N        Scores      Under H0      Under H0         Score 
--------------------------------------------------------------------------- 
   1             19         511.0         380.0     35.474801     26.894737 
   2             20         269.0         400.0     35.474801     13.450000 
 
                           Wilcoxon Two-Sample Test 
 
                        Statistic             511.0000 
 
                        Normal Approximation 
                        Z                       3.6787 
                        One-Sided Pr >  Z       0.0001 
                        Two-Sided Pr > |Z|      0.0002 
 
                        t Approximation 
                        One-Sided Pr >  Z       0.0004 
                        Two-Sided Pr > |Z|      0.0007 
 
                  Z includes a continuity correction of 0.5. 
 
                             Kruskal-Wallis Test 
 
                        Chi-Square             13.6365 
                        DF                           1 
                        Pr > Chi-Square         0.0002 
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Inferences Concerning β, the Slope of the Line of Means
Question: Are there any differences in the slope of the fecal colifrom regression lines for each flowrate?
Note: For all regression analyses, intercept is NOT forced to equal influent fecal coliform concentrations.
See SAS code and output for normaility determinations for each flowrate.
1.9 L/min (30 min / 3 hr)
VD (xi) Mean FC log FC (yi) df SS MS F
0 1,862,338 14.44 Regression 1 102.58462 102.58462 6.986806
1.44 206 5.33 Residual 5 73.413102 14.68262
1.75 1 -0.47 Total 6 175.99772
1.95 29 3.37
2.55 0 -2.30 Coeff. Std. Error Lower 95% Upper 95%
3.00 21 3.04 Intercept 10.91109 3.1291078 2.8674805 18.95471
3.45 5 1.65 Slope -3.62735 1.3723032 -7.1549615 -0.099738
Confidence Interval -3.63 +/- 3.53
2.8 L/min (30 min / 3 hr)
VD (xi) Mean FC log FC (yi) df SS MS F
0 62,458 11.04 Regression 1 88.524587 88.524587 8.647917
1.44 110 4.70 Residual 6 61.41913 10.236522
1.75 0 -2.30 Total 7 149.94372
1.95 20 3.00
2.55 0 -2.30 Coeff. Std. Error Lower 95% Upper 95%
3.00 0 -2.48 Intercept 8.353736 2.5549626 2.1019632 14.60551
3.34 3 0.95 Slope -3.08131 1.0478029 -5.645193 -0.517426
3.45 1 0.33
Confidence Interval -3.08 +/- 2.56
2.8 L/min (15 min / hr)
VD (xi) Mean FC log FC (yi) df SS MS F
0 12,900 9.46 Regression 1 73.89123 73.89123 11.06391
1.44 6 1.83 Residual 6 40.071476 6.6785793
1.75 0 -2.30 Total 7 113.96271
1.95 0 -2.30
2.55 1 -0.41 Coeff. Std. Error Lower 95% Upper 95%
3.00 1 0.00 Intercept 6.365223 2.0637182 1.3154828 11.41496
3.34 0 -2.30 Slope -2.815139 0.8463411 -4.8860627 -0.744215
3.45 0 -2.30
Confidence Interval -2.82 +/- 2.07
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SAS Code 
• Determination of normality for fecal coliform datasets for each flowrate study 
• Determination of normality for log-transformed fecal coliform datasets 
 
data one; 
input flow FC; 
logFC=log(FC); 
Datalines; 
 
1.9 1862338 
1.9 206 
1.9 1 
1.9 29 
1.9 0 
1.9 21 
1.9  5 
2.81 62458 
2.81 110 
2.81  0 
2.81  20 
2.81 0 
2.81  0 
2.82 12900 
2.82 6 
2.82 0 
2.82 0 
2.82 1 
2.82 1 
2.82 0 
2.82 0 
; 
 
proc univariate data=one normal; 
by flow; var FC; var logFC; 
run; 
 
quit; 
 
SAS Output 
 
Tests for Normality 
 
---------------------------------- flow=1.9 ---------------------------------- 
 
                           The UNIVARIATE Procedure 
 
            Test                  --Statistic---    -----p Value------ 
FC          Shapiro-Wilk          W     0.453043    Pr < W     <0.0001 
logFC       Shapiro-Wilk          W     0.816416    Pr < W      0.0821 
 
------------------------------flow=2.8 (30min/3hr) --------------------------- 
 
                           The UNIVARIATE Procedure 
            Test                  --Statistic---    -----p Value------ 
FC          Shapiro-Wilk          W     0.497314    Pr < W     <0.0001 
logFC       Shapiro-Wilk          W     0.900334    Pr < W      0.3866 
 
------------------------------flow=2.8 (15min/hr) ---------------------------- 
 
                           The UNIVARIATE Procedure 
 
            Test                  --Statistic---    -----p Value------ 
FC          Shapiro-Wilk          W     0.418701    Pr < W     <0.0001 
lofFC       Shapiro-Wilk          W     0.757236    Pr < W      0.0450 
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A Small-Sample Test of Hypothesis for the Difference Between Two Population Means
Question: Are there any differences in the mean in-situ parameter values between flowrate studies?
Note: Data presented below represents only MEAN values from each flowrate study
Ho: µ1 - µ2 = 0 H1: µ1 - µ2 =\ 0
pH Salinity (ppt) Temperature (oC)
(15min/hr) (15min/hr) (15min/hr)
0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm
6.29 6.54 6.79 24.5 22.3 19.0 23.7 23.5 19.2
6.32 6.60 6.77 22.6 24.1 14.3 23.5 21.8 19.7
6.44 6.57 6.60 19.9 24.0 20.3 24.8 20.9 21.4
6.55 6.65 6.66 19.4 22.4 22.7 25.1 21.6 22.1
6.62 6.80 14.8 21.5 25.1 16.5
6.72 6.70 13.7 24.6 25.7 18.6
6.68 14.2 20.6 16.8
6.83 17.5 18.4 16.8
7.00 17.5 19.3 16.1
6.64 19.3 18.5
F-values (Test for Equal Variances) F-values F-values
0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm
0.5 gpm -- 0.28 0.16 -- 0.07 0.49 -- 0.01 0.16
0.75 gpm -- 0.25 -- 0.12 -- 0.16
0.75 gpm -- -- --
Type Type Type
0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm
0.5 gpm -- 2 2 -- 2 2 -- 3 2
0.75 gpm -- 2 -- 2 -- 2
0.75 gpm -- -- --
where Type 2 = equal variances and Type 3 = unequal variances
P-values (Test for Significance) P-values P-values 
0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm
0.5 gpm -- 0.017 0.304 -- 0.135 0.027 -- 0.000 0.948
0.75 gpm -- 0.404 -- 0.259 -- 0.552
0.75 gpm -- -- --
Rejection of Ho Rejection of Ho Rejection of Ho
0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm 0.5 gpm 0.75 gpm 0.75 gpm
0.5 gpm -- Yes No -- No No -- Yes No
0.75 gpm -- No -- No -- No
0.75 gpm -- -- --  
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Appendix F: Grand Bay Field Site Data (Fecal Coliform Bacteria) 
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Data Summary - Fecal Coliforms
Note:  Coordinates of injection point are (x,y,z) = (0,0,0).
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Sample ID Coordinates (ft) Vector 0.5 gpm (1.9 L/min)
x y z Distance (ft) Mean Std. Dev. n 06/21/01 07/02/01
Background 46 58.5 18 118
Influent 0 716,828 2,122,649 22 9,600,000 1,320,000
I5 0 8 7.5 10.97 0.9 3.0 11
J5 8 0 7.5 10.97 0.5 1.6 10
K5 0 -8 7.5 10.97 18.2 39.7 11
L5 -8 0 7.5 10.97 2.3 5.4 11
M5 6 6 7.5 11.32 0.5 1.2 16
N5 6 -6 7.5 11.32 20.4 67.8 20 302 25
O5 -6 -6 7.5 11.32 0.5 1.5 18 6 2
P5 -6 6 7.5 11.32 2.8 8.0 17
Q5 20 0 7.5 21.36 0.1 0.3 10
R5 16 16 7.5 23.84 2.8 6.1 11
S5 -16 -16 7.5 23.84 35.5 87.2 11
T5 0 -20 7.5 21.36 3.6 8.2 10
U5 -16 16 7.5 23.84 11.7 34.8 11
BG5 7.5 0.0 0.0 4
A7.5 0 4 5 6.40 0.1 0.3 20 1
B7.5 4 0 5 6.40 6.5 21.9 20 98
C7.5 0 -4 5 6.40 17.1 76.0 20 1 0
D7.5 -4 0 5 6.40 2.6 8.6 18 35
E7.5 2 2 5 5.74 0.0 0.0 5 0
F7.5 2 -2 5 5.74 0.0 0.0 6 0
G7.5 -2 -2 5 5.74 0.8 1.6 6 0 1
H7.5 -2 2 5 5.74 0.8 2.0 6 0 5
M7.5 6 6 5 9.85 0.0 0.0 12
N7.5 6 -6 5 9.85 13.5 45.6 15 8
O7.5 -6 -6 5 9.85 0.3 0.6 13 2
P7.5 -6 6 5 9.85 0.1 0.3 13
BG7.5 5 #DIV/0! #DIV/0! 0
A10 0 4 2.5 4.72 30.2 97.6 21 0 182
B10 4 0 2.5 4.72 43.7 88.6 18 300
C10 0 -4 2.5 4.72 118.4 217.9 18 120
D10 -4 0 2.5 4.72 53.9 117.9 21 1 460
I10 0 8 2.5 8.38 0.0 0.0 14
J10 8 0 2.5 8.38 0.0 0.0 15
K10 0 -8 2.5 8.38 0.0 0.0 14
L10 -8 0 2.5 8.38 0.6 2.1 14 0
Q10 20 0 2.5 20.16 0.0 0.0 2
R10 16 16 2.5 22.77 0.0 #DIV/0! 1
S10 -16 -16 2.5 22.77 0.0 #DIV/0! 1
T10 0 -20 2.5 20.16 0.0 0.0 2
U10 -16 16 2.5 22.77 0.0 #DIV/0! 1
BG10 2.5 0.0 #DIV/0! 1  
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Data Summary - Fecal Coliforms
Sample ID 0.5 gpm (1.9 L/min) 1.45 gpm (5.5 L/min) 0.75 gpm (2.8 L/min)
07/10/01 08/14/01 08/23/01 09/05/01 09/17/01 10/22/01 11/05/01 11/19/01
Background TNTC 17 TNTC 28 57 11 10
Influent 240,000 14,000 0 30 520,000 3,400,000 330,000 33,000
I5 0 0
J5 5 0
K5 26 0
L5 4 3
M5 0 0 0 2
N5 0 18 1 1 1 0
O5 0 0 1 0
P5 0 0 1 0 30
Q5 1 0
R5
S5
T5 7 0
U5
BG5
A7.5 1 0 0 0 0 0 0
B7.5 11 8 0 0 0 0 0
C7.5 0 340 0 0 1 0 0
D7.5 0 0 0 0 0 0 0
E7.5 0
F7.5 0 0
G7.5 4
H7.5 0
M7.5 0 0 0
N7.5 0 178 0 0 2
O7.5 0 1 1
P7.5 1 0 0 0
BG7.5
A10 10 420 1 TNTC 1 4 0 0
B10 100 100 30 2 1 16 0 0
C10 TNTC 760 82 0 242 TNTC 14 1
D10 300 60 21 55 5 44 0 0
I10 0 0 0 0 0
J10 0 0 0 0 0 0
K10 0 0 0 0 0
L10 0 0 0 0 0
Q10 0
R10
S10
T10 0
U10
BG10 0  
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Data Summary - Fecal Coliforms
Sample ID 0.75 gpm (2.8 L/min)
12/03/01 12/16/01 01/08/02 01/21/02 02/04/02 02/18/02 03/05/02 03/18/02
Background 92 30 0 51 31 2 29 1
Influent 122,000 12,300 7,400 71,000 28,000 6,200 1,780 12,900
I5 0 0 0 0 0
J5 0 0 0 0
K5 36 0 6 0 0
L5 0 0 0 0 0
M5 2 0 0 0 0 0 0 0
N5 0 0 0 0 0 0 0 0
O5 0 0 0 0 0 0 0 0
P5 16 0 0 0 0 0 0 0
Q5 0 0 0 0
R5 2 0 0 0 19 0 0
S5 1 9 0 52 22 0 0
T5 2 0 0 0
U5 0 0 0 0 1 0 0
BG5 0
A7.5 0 0 0 0 0 0 0 0
B7.5 0 0 0 0 0 12 0 0
C7.5 TNTC 0 0 0 0 0 0 0
D7.5 12 0 0 -- 0 0 0 0
E7.5 0 0
F7.5 0 0
G7.5 0 0
H7.5 0 0
M7.5 0 0 0 0 0 0
N7.5 0 0 0 2 0 0
O7.5 0 0 0 0 0 0
P7.5 0 0 0 0 0 0
BG7.5
A10 0 0 0 0 4 8 0 0
B10 TNTC -- 0 0 TNTC 238 0 0
C10 TNTC 0 0 0 580 252 0 2
D10 1 0 0 0 TNTC 168 0 0
I10 0 0 0 0 0
J10 0 0 0 0 0
K10 0 0 0 0 0
L10 0 0 0 0 0
Q10
R10
S10
T10
U10
BG10
0
0
0
0
0
0
0
0
0
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Data Summary - Fecal Coliforms
Sample ID 0.75 gpm (2.8 L/min) (15 min / hr)
04/02/02 04/15/02 04/29/02 05/22/02
Background 195 163 0 0
Influent 5,900 13,900 800 31,000
I5 0 10 0
J5 0 0 0
K5 0 132 0
L5 0 18 0
M5 0 0 4 0
N5 0 0 60 0
O5 0 0 0 0
P5 0 0 0 0
Q5 0 0 0
R5 0 0 10 0
S5 12 0 294 1
T5 1 26 0
U5 12 0 116 0
BG5 0 0 0
A7.5 0 0 0 0
B7.5 0 0 0 0
C7.5 0 0 0 0
D7.5 0 -- 0 0
E7.5 0
F7.5 0
G7.5 0
H7.5 0
M7.5 0 0 0
N7.5 6 2 4
O7.5 0 0 0
P7.5 0 0 0
BG7.5
A10 4 0 0 0
B10 0 0 0 0
C10 19 30 30 0
D10 0 3 14 0
I10 0 0 0
J10 0 0 0
K10 0 0 0
L10 0 8 0
Q10 0
R10 0
S10 0
T10 0
U10 0
BG10  
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR
Time
Started Ended
Sampling 6/21/01 13:00 15:00
Analysis 6/21/01 18:00 22:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 TNTC 88 88
Background 1 50 55 63 118
Influent 1,000 25 TNTC TNTC TNTC
10,000 25 164 167 6,620,000
100,000 25 21 27 9,600,000
M5 1
N5 1 25 72 79 302
O5 1 50 3 3 6
P5 1
BG5 1
A7.5 1
B7.5 1
C7.5 1 50 0 1 1
D7.5 1
E7.5 1
F7.5 1
G7.5 1 50 0 0 0
H7.5 1 50 0 0 0
M7.5 1
N7.5 1
O7.5 1
P7.5 1
BG7.5 1
A10 1 50 0 0 0
B10 1
C10 1
D10 1 50 1 0 1
I10 1
J10 1
K10 1
L10 1 50 0 0 0
BG10 1
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR
Time
Started Ended
Sampling 7/2/01 14:15 16:15
Analysis 7/2/01 20:00 0:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1
Influent 1,000 25 TNTC TNTC TNTC
10,000 25 33 33 1,320,000
100,000 25 5 3 1,600,000
M5 1
N5 1 50 13 12 25
1 50 0 0 0
O5 1 50 0 2 2
P5 1
BG5 1
A7.5 1 50 1 0 1
B7.5 1 50 46 52 98
C7.5 1 50 0 0 0
D7.5 1 50 17 18 35
E7.5 1 50 0 0 0
F7.5 1 50 0 0 0
G7.5 1 50 1 0 1
H7.5 1 50 3 2 5
M7.5 1
N7.5 1 50 4 4 8
O7.5 1 50 0 2 2
P7.5 1
BG7.5 1
A10 1 50 95 87 182
10 25 4 4 160
100 25 0 0 0
B10 1 50 TNTC TNTC TNTC
10 25 6 9 300
100 25 2 1 600
C10 1 50 TNTC TNTC TNTC
10 25 2 4 120
100 25 0 0 0
D10 1
10 25 13 10 460
100 25 3 3 1,200
I10 1
J10 1
K10 1
L10 1
BG10 1
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR
Time
Started Ended
Sampling 7/10/01 11:30 12:45
Analysis 7/10/01 17:00 20:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1
Influent 10,000 25 5 7 240,000
100,000 25 1 1 400,000
M5 1
N5 1 25 0 0 0
10 25 0 0 0
1 25 0 0 0
O5 1
P5 1 25 0 0 0
BG5 1
A7.5 1 50 1 0 1
B7.5 1 50 7 4 11
C7.5 1 50 0 0 0
1 25 0 0 0
D7.5 1 25 0 0 0
E7.5 1
F7.5 1 50 0 0 0
G7.5 1
H7.5 1
M7.5 1
N7.5 1 50 0 0 0
O7.5 1
P7.5 1 50 0 1 1
BG7.5 1
A10 1
10 50 1 0 10
100 25 0 0 0
B10 1
10 25 1 4 100
100 25 0 1 200
C10 1 50 TNTC TNTC TNTC
10 25 0 0 0
100 25 0 0 0
D10 1 25 72 78 300
10 25 4 5 180
100 25 0 0 0
I10 1
J10 1
K10 1
L10 1
BG10 1
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR
Time
Started Ended
Sampling 8/14/01 13:00 3:30
Analysis 8/14/01 7:00 11:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 TNTC TNTC TNTC
Influent 1,000 25 5 2 14,000
10,000 25 0 1 20,000
100,000 25 0 0 0
M5
N5 1 25 3 6 18
10 25 1 1 40
O5
P5
BG5
A7.5 1 50 0 0 0
10 25 0 0 0
B7.5 1 25 3 1 8
10 25 0 0 0
C7.5 10 25 10 7 340
100 25 0 0 0
D7.5 1 25 0 0 0
10 25 0 0 0
E7.5 1 50 0 0 0
F7.5 1 50 0 0 0
10 25 0 0 0
G7.5 1 25 1 1 4
H7.5 1 50 0 0 0
M7.5
N7.5 1 25 40 49 178
10 25 5 3 160
O7.5
P7.5
BG7.5
A10 10 25 12 9 420
100 25 0 0 0
B10 10 25 1 4 100
100 25 0 0 0
C10 10 25 18 20 760
100 25 1 2 600
D10 10 25 1 2 60
100 25 0 0 0
I10
J10 1 25 0 0 0
10 25 0 0 0
K10
L10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR
Time
Started Ended
Sampling 8/23/01 11:30 13:00
Analysis 8/23/01 16:30 19:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 10 7 17
10 50 0 0 0
Influent 1,000 50 0 0 0
10,000 50 0 0 0
100,000 50 0 0 0
M5 1 50 0 0 0
N5 1 50 0 1 1
O5 1 50 0 0 0
P5 1 50 0 0 0
BG5
A7.5 1 50 0 0 0
B7.5 1 50 0 0 0
C7.5 1 25 0 0 0
D7.5 1 50 0 0 0
E7.5
F7.5
G7.5
H7.5
M7.5 1 50 0 0 0
N7.5 1 50 0 0 0
O7.5 1 50 0 0 0
P7.5 1 50 0 0 0
BG7.5
A10 1 50 1 0 1
10 50 0 0 0
B10 1 25 10 5 30
10 50 1 0 10
C10 1 25 23 18 82
10 50 4 1 50
D10 1 50 11 10 21
10 50 1 0 10
I10 1 50 0 0 0
J10 1 50 0 0 0
K10 1 50 0 0 0
L10 1 50 0 0 0
BG10 1 50 0 0 0
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR
Time
Started Ended
Sampling 9/5/01 18:20 19:00
Analysis 9/5/01 22:40 0:10
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 TNTC TNTC TNTC
Canal 1 50 TNTC TNTC TNTC
Influent 1 25 7 8 30
10 50 0 2 20
100 50 1 0 100
1,000 50 0 0 0
M5
N5
O5
P5
BG5
A7.5
B7.5
C7.5
D7.5
E7.5
F7.5
G7.5
H7.5
M7.5
N7.5
O7.5
P7.5
BG7.5
A10 1 100 TNTC TNTC TNTC
B10 1 100 2 1 1.5
C10 1 50 0 0 0
D10 1 100 64 45 55
I10
J10
K10
L10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR
Time
Started Ended
Sampling 9/17/01 9:30 13:00
Analysis 9/17/01 17:00 20:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 15 13 28
10 50 2 1 30
Influent 10 50 TNTC TNTC TNTC
100 50 TNTC TNTC TNTC
1,000 50 178 170 348,000
10,000 50 30 22 520,000
M5 1 50 0 0 0
N5 1 50 1 0 1
O5 1 50 0 0 0
P5 1 50 0 1 1
BG5
A7.5 1 50 0 0 0
B7.5 1 25 0 0 0
C7.5 1 50 0 0 0
D7.5 1 25 0 0 0
E7.5
F7.5
G7.5
H7.5
M7.5 1 50 0 0 0
N7.5 1 50 0 0 0
O7.5 1 50 0 1 1
P7.5 1 50 0 0 0
BG7.5
A10 1 50 1 0 1
10 50 0 0 0
B10 1 50 1 0 1
10 50 0 0 0
C10 1 50 116 126 242
10 50 11 8 190
D10 1 50 3 2 5
10 50 0 0 0
I10 1 50 0 0 0
J10 1 50 0 0 0
K10 1 50 0 0 0
L10 1 50 0 0 0
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 10/22/01 10:30 13:00
Analysis 10/22/01 17:00 20:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 25 32 57
10 50 1 2 30
Influent 100 50 TNTC TNTC TNTC
1,000 50 TNTC TNTC TNTC
10,000 50 173 167 3,400,000
M5 1 50 0 0 0
N5 1 50 1 0 1
O5 1 50 1 0 1
P5 1 50 0 0 0
BG5
A7.5 1 50 0 0 0
B7.5 1 25 0 0 0
C7.5 1 50 0 1 1
D7.5 1 50 0 0 0
E7.5
F7.5
G7.5
H7.5
M7.5 1 50 0 0 0
N7.5 1 50 1 1 2
O7.5 1 50 0 1 1
P7.5 1 50 0 0 0
BG7.5
A10 1 50 2 2 4
10 50 0 0 0
B10 1 50 7 9 16
10 50 0 0 0
C10 1 25 TNTC TNTC TNTC
10 50 TNTC TNTC TNTC
D10 1 50 23 21 44
10 50 0 0 0
I10 1 50 0 0 0
J10 1 50 0 0 0
K10 1 50 0 0 0
L10 1 50 0 0 0
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Reduced
Time
Started Ended
Sampling 11/5/01 10:00 12:00
Analysis 11/5/01 16:00 19:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 4 7 11
10 50 0 0 0
Influent 1,000 50 236 283 519,000
10,000 50 5 28 330,000
100,000 50 0 0 0
I5 1 50 0 0 0
J5 1 50 4 1 5
K5 1 25 6 7 26
L5 1 50 4 0 4
M5
N5
O5
P5
Q5 1 50 0 1 1
R5
S5
T5 1 50 4 3 7
U5
BG5
A7.5 1 50 0 0 0
B7.5 1 50 0 0 0
C7.5 1 50 0 0 0
D7.5 1 50 0 0 0
E7.5
F7.5
G7.5
H7.5
M7.5
N7.5
O7.5
P7.5
BG7.5
A10 1 50 0 0 0
10 50 0 0 0
B10 1 50 0 0 0
10 50 0 0 0
C10 1 50 7 7 14
10 50 0 0 0
D10 1 50 0 0 0
10 50 0 0 0
I10 1 50 0 0 0
J10 1 50 0 0 0
K10 1 50 0 0 0
L10 1 50 0 0 0
Q10 1 50 0 0 0
R10
S10
T10 1 50 0 0 0
U10
BG10
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 11/19/01 12:00 14:30
Analysis 11/19/01 19:30 23:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0
Background 1 50 0 1 1
10 50 0 1 10
Influent 1 25 TNTC TNTC TNTC
10 50 TNTC TNTC TNTC
100 50 172 158 33,000
1,000 50 0 1 1,000
10,000 50 0 0 0
I5 1 50 0 0 0
J5 1 50 0 0 0
K5 1 50 0 0 0
L5 1 50 0 3 3
M5 1 25 0 1 2
N5 1 50 0 0 0
O5 1 50 0 0 0
P5 1 50 14 16 30
Q5 1 50 0 0 0
R5
S5
T5 1 50 0 0 0
U5
BG5
A7.5 1 50 0 0 0
B7.5 1 50 0 0 0
C7.5 1 50 0 0 0
D7.5 1 25 0 0 0
E7.5
F7.5
G7.5
H7.5
M7.5
N7.5
O7.5
P7.5
BG7.5
A10 1 50 0 0 0
B10 1 50 0 0 0
C10 1 50 0 1 1
10 50 0 0 0
D10 1 25 0 0 0
10 50 0 0 0
I10 1 50 0 0 0
J10 1 50 0 0 0
K10 1 50 0 0 0
L10 1 50 0 0 0
Q10
R10
S10
T10
U10
BG10
Date
 
 166
Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 12/3/01 9:00 12:00
Analysis 12/3/01 15:00 19:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 34 58 92
Influent 10 50 TNTC TNTC TNTC
100 50 TNTC TNTC TNTC
1,000 50 85 37 122,000
1,000 50 2 0 2,000
I5 1 50 0 0 0
J5 1 50 0 0 0
K5 1 25 11 7 36
L5 1 50 0 0 0
M5 1 25 0 1 2
N5 1 50 0 0 0
O5 1 50 0 0 0
P5 1 50 10 6 16
Q5 1 50 0 0 0
R5 1 50 1 1 2
S5 1 50 0 1 1
T5 1 50 2 0 2
U5 1 50 0 0 0
BG5
A7.5 1 50 0 0 0
B7.5 1 25 0 0 0
C7.5 1 25 TNTC TNTC TNTC
D7.5 1 25 4 2 12
E7.5
F7.5
G7.5
H7.5
M7.5
N7.5
O7.5
P7.5
BG7.5
A10 1 50 0 0 0
B10 1 50 TNTC TNTC TNTC
C10 1 50 TNTC TNTC TNTC
D10 1 50 1 0 1
I10 1 25 0 0 0
J10 1 50 0 0 0
K10 1 50 0 0 0
L10 1 50 0 0 0
Q10
R10
S10
T10
U10
BG10
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Reduced
Time
Started Ended
Sampling 12/16/01 10:00 14:30
Analysis 12/16/01 17:30 20:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 -- 0
Background 1 50 12 18 30
Influent 100 50 89 34 12,300
1,000 50 4 1 5,000
10,000 50 0 0 0
I5
J5
K5
L5
M5 1 50 0 0 0
N5 1 50 0 0 0
O5 1 50 0 0 0
P5 1 50 0 0 0
Q5
R5 1 50 0 0 0
S5 1 50 4 5 9
T5
U5 1 50 0 0 0
BG5
A7.5 1 50 0 0 0
B7.5 1 25 0 0 0
C7.5 1 25 0 0 0
10 50 0 0 0
D7.5 1 25 0 0 0
E7.5 1 25 0 0 0
F7.5 1 50 0 0 0
G7.5 1 50 0 -- 0
H7.5 1 50 0 0 0
M7.5 1 50 0 0 0
N7.5 1 50 0 0 0
O7.5 1 50 0 0 0
P7.5 1 50 0 0 0
BG7.5
A10 1 50 0 0 0
10 50 0 0 0
B10 1 -- --
C10 1 50 0 0 0
10 50 0 0 0
D10 1 50 0 0 0
I10
J10
K10
L10
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 1/8/02 9:00 12:00
Analysis 1/8/02 15:00 18:45
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 0 0 0
Influent 10 50 0 0 0
100 50 0 0 0
1,000 50 0 0 0
Influent 1 10 TNTC TNTC TNTC
(1/9/2002) 10 50 TNTC TNTC TNTC
100 50 40 34 7,400
I5 1 50 0 0 0
J5 1 50 0 0 0
K5 1 25 0 0 0
L5 1 50 0 0 0
M5 1 50 0 0 0
N5 1 50 0 0 0
O5 1 50 0 0 0
P5 1 50 0 0 0
Q5 1 50 0 0 0
R5 1 50 0 0 0
S5 1 50 0 0 0
T5 1 50 0 0 0
U5 1 50 0 0 0
BG5
A7.5 1 50 0 0 0
B7.5 1 25 0 0 0
C7.5 1 25 0 0 0
D7.5 1 25 0 0 0
E7.5
F7.5
G7.5
H7.5
M7.5 1 25 0 0 0
N7.5 1 50 0 0 0
O7.5 1 50 0 0 0
P7.5 1 50 0 0 0
BG7.5
A10 1 50 0 0 0
B10 1 50 0 0 0
C10 1 50 0 0 0
D10 1 50 0 0 0
I10 1 50 0 0 0
J10 1 50 0 0 0
K10 1 50 0 0 0
L10 1 50 0 0 0
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 1/21/02 11:00 14:30
Analysis 1/21/02 17:30 20:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0
Blank 2 1 100 1 0 1
Background 1 50 29 22 51
Influent 10 50 TNTC TNTC TNTC
100 50 TNTC TNTC TNTC
1,000 50 47 24 71,000
I5 1 50 0 0 0
J5 1 50 0 0 0
K5 1 25 3 0 6
L5 1 50 0 0 0
M5 1 50 0 0 0
N5 1 25 0 0 0
O5 1 50 0 0 0
P5 1 50 0 0 0
Q5 1 50 0 0 0
R5 1 50 0 0 0
S5 1 50 23 29 52
T5 1 50 0 0 0
U5 1 50 0 0 0
BG5
A7.5 1 50 0 0 0
B7.5 1 25 0 0 0
C7.5 1 25 0 0 0
D7.5 1 -- -- -- --
E7.5
F7.5
G7.5
H7.5
M7.5 1 25 0 0 0
N7.5 1 25 0 0 0
O7.5 1 50 0 0 0
P7.5 1 50 0 0 0
BG7.5
A10 1 50 0 0 0
B10 1 50 0 0 0
C10 1 25 0 0 0
D10 1 50 0 0 0
I10 1 50 0 0 0
J10 1 50 0 0 0
K10 1 50 0 0 0
L10 1 50 0 0 0
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Reduced
Time
Started Ended
Sampling 2/4/02 10:00 13:00
Analysis 2/4/02 17:00 20:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0 0
Blank 2 1 100 0 0 0
Background 1 50 17 14 31
Influent 10 50 TNTC TNTC TNTC
100 50 89 90 17,900
1,000 50 22 6 28,000
I5 1
J5 1
K5 1
L5 1
M5 1 50 0 0 0
N5 1 50 0 0 0
O5 1 50 0 0 0
P5 1 50 0 0 0
Q5 1
R5 1 50 7 12 19
S5 1 25 4 7 22
T5 1
U5 1 50 0 1 1
BG5
A7.5 1 25 0 0 0
B7.5 1 25 0 0 0
C7.5 1 25 0 0 0
D7.5 1 25 0 0 0
E7.5 1 50 0 0 0
F7.5 1 50 0 0 0
G7.5 1 50 0 0 0
H7.5 1 50 0 0 0
M7.5 1 25 0 0 0
N7.5 1 50 1 1 2
O7.5 1 50 0 0 0
P7.5 1 50 0 0 0
BG7.5
A10 1 50 3 1 4
B10 1 50 TNTC TNTC TNTC
C10 1 25 TNTC TNTC TNTC
C10 (2/5/02) 1 50 TNTC TNTC
10 50 22 36 580
D10 1 50 TNTC TNTC TNTC
I10 1
J10 1
K10 1
L10 1
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 2/18/02 8:30 11:30
Analysis 2/18/02 15:30 18:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0
Blank 2 1 100 0 0
Background 1 50 0 2 2
Influent 10 50 TNTC TNTC TNTC
100 50 21 41 6,200
1,000 50 0 2 2,000
I5 1 50 0 0 0
J5 1 50 0 0 0
K5 1 25 0 0 0
L5 1 50 0 0 0
M5 1 50 0 0 0
N5 1 50 0 0 0
O5 1 50 0 0 0
P5 1 50 0 0 0
Q5 1 50 0 0 0
R5 1 50 0 0 0
S5 1 25 0 0 0
T5 1 50 0 0 0
U5 1 50 0 0 0
BG5
A7.5 1 50 0 0
B7.5 1 25 3 12
C7.5 1 25 0 0
D7.5 1 25 0 0
E7.5
F7.5
G7.5
H7.5
M7.5 1 25 0 0
N7.5 1 50 0 0
O7.5 1 50 0 0
P7.5 1 50 0 0
BG7.5
A10 1 50 4 4 8
B10 1 50 119 238
10 50 0 0 0
C10 1 25 63 252
10 50 0 0 0
D10 1 50 84 168
10 50 1 0 10
I10 1 25 0 0
J10 1 50 0 0
K10 1 50 0 0
L10 1 50 0 0
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Reduced
Time
Started Ended
Sampling 3/5/02 10:00 13:00
Analysis 3/5/02 17:00 18:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0
Blank 2 1 100 0 0
Background 1 50 19 10 29
Influent 1 50 TNTC TNTC TNTC
10 50 89 TNTC 1,780
100 50 1 1 200
1,000 50 1 1 2,000
I5 1 50 0 0 0
J5 1
K5 1 25 0 0 0
L5 1 50 0 0 0
M5 1 50 0 0 0
N5 1 50 0 0 0
O5 1 50 0 0 0
P5 1 50 0 0 0
Q5
R5
S5
T5
U5
BG5
A7.5 1 50 0 0
B7.5 1 25 0 0
C7.5 1 25 0 0
D7.5 1 50 0 0
E7.5
F7.5
G7.5
H7.5
M7.5
N7.5
O7.5
P7.5
BG7.5
A10 1 50 0 0 0
B10 1 50 0 0 0
C10 1 25 0 0 0
D10 1 50 0 0 0
I10 1 25 0 0
J10 1 50 0 0
K10 1 50 0 0
L10 1 50 0 0
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 3/18/02 9:00 12:00
Analysis 3/18/02 16:00 20:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0
Blank 2 1 100 0 0
Surface 1 25 10 4 28
Background 1 50 0 1 1
Influent 10 50 TNTC TNTC TNTC
100 50 128 1 12,900
1,000 50 0 0 0
I5 1 50 0 0
J5 1 50 0 0
K5 1 25 0 0 0
L5 1 50 0 0
M5 1 50 0 0
N5 1 50 0 0
O5 1 50 0 0
P5 1 50 0 0
Q5 1 50 0 0
R5 1 50 0 0 0
S5 1 25 0 0 0
T5 1 50 0 0 0
U5 1 50 0 0 0
BG5 1 25 0 0 0
A7.5 1 25 0 0
B7.5 1 25 0 0 0
C7.5 1 50 0 0
D7.5 1 25 0 0
E7.5
F7.5
G7.5
H7.5
M7.5 1 50 0 0
N7.5 1 50 0 0 0
O7.5 1 25 0 0
P7.5 1 50 0 0
BG7.5
A10 1 10 0 0 0
B10 1 50 0 0 0
C10 1 50 2 0 2
D10 1 50 0 0 0
I10 1 25 0 0
J10 1 50 0 0
K10 1 50 0 0
L10 1 --
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Reduced
Time
Started Ended
Sampling 4/2/02 9:00 11:30
Analysis 4/2/02 14:30 16:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0
Blank 2 1 100 1 1
Surface 1 50 TNTC TNTC TNTC
Background 1 50 86 109 195
Influent 10 50 TNTC TNTC TNTC
100 50 26 33 5,900
1,000 50 0 1 1,000
I5
J5
K5
L5
M5 1 25 0 0
N5 1 50 0 0
O5 1 50 0 0
P5 1 50 0 0
Q5
R5 1 50 0 0 0
S5 1 25 4 2 12
T5
U5 1 50 6 6 12
BG5 1 50 0 0 0
A7.5 1 50 0 0
B7.5 1 25 0 0 0
C7.5 1 25 0 0
D7.5 1 50 0 0
E7.5 1 50 0 0
F7.5 1 50 0 0
G7.5 1 25 0 0
H7.5 1 50 0 0
M7.5 1 50 0 0
N7.5 1 25 1 2 6
O7.5 1 50 0 0
P7.5 1 50 0 0
BG7.5
A10 1 25 1 4
B10 1 50 0 0 0
C10 1 50 10 9 19
D10 1 50 0 0 0
I10
J10
K10
L10
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 4/15/02 9:30 11:30
Analysis 4/15/02 15:00 18:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0
Blank 2 1 100 0 0
Background 1 50 83 80 163
Influent 10 50 TNTC TNTC TNTC
100 50 63 76 13,900
1,000 50 8 11 19,000
I5 1 50 0 0
J5 1 50 0 0
K5 1 25 0 0
L5 1 50 0 0
M5 1 50 0 0
N5 1 25 0 0
O5 1 50 0 0
P5 1 50 0 0
Q5 1 50 0 0 0
R5 1 50 0 0 0
S5 1 50 0 0 0
T5 1 50 1 0 1
U5 1 50 0 0 0
BG5 1 50 0 0 0
A7.5 1 50 0 0
B7.5 1 25 0 0
C7.5 1 25 0 0
D7.5 1 -- -- --
E7.5
F7.5
G7.5
H7.5
M7.5 1 25 0 0
N7.5 1 25 0 1 2
O7.5 1 25 0 0
P7.5 1 50 0 0
BG7.5
A10 1 25 0 0 0
B10 1 50 0 0 0
C10 1 50 14 16 30
D10 1 50 2 1 3
I10 1 25 0 0
J10 1 50 0 0
K10 1 50 0 0
L10 1 50 0 0
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Reduced
Time
Started Ended
Sampling 4/29/02 9:00 11:30
Analysis 4/29/02 15:00 18:00
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0
Blank 2 1 100 0 0
Background 1 50 0 0 0
Surface C10 1 25 26 14 80
Surface BG 1 50 1 1 2
Influent 10 50 TNTC TNTC TNTC
100 50 3 5 800
1,000 50 0 0 0
I5 1 50 5 10
J5 1 50 0 0
K5 1 25 33 132
L5 1 50 9 18
M5 1 25 1 4
N5 1 50 30 60
O5 1 50 0 0
P5 1 50 0 0
Q5 1 50 0 0
R5 1 50 6 4 10
S5 1 25 64 83 294
T5 1 50 8 18 26
U5 1 50 58 116
BG5 1 50 0 0 0
A7.5 1 25 0 0
B7.5 1 25 0 0
C7.5 1 25 0 0
D7.5 1 50 0 0
E7.5
F7.5
G7.5
H7.5
M7.5
N7.5
O7.5
P7.5
BG7.5
A10 1 50 0 0 0
B10 1 50 0 0 0
C10 1 50 13 17 30
D10 1 50 4 10 14
I10 1 50 0 0
J10 1 50 0 0
K10 1 50 0 0
L10 1 50 4 8
Q10
R10
S10
T10
U10
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Fecal Coliforms - Membrane Filter Technique
Conducted By: SR Sampling Scheme: Full
Time
Started Ended
Sampling 5/22/02 10:00 12:00
Analysis 5/22/02 16:00 18:30
Sample ID
Dilution 
Factor
Filtered 
Volume
Fecal Coliform 
Counts
Total FC 
Counts
(mL) 1 2 (#/100 mL)
Blank 1 1 100 0 0
Blank 2 1 100 0 0
Background 1 50 0 0 0
Influent 10 50 TNTC TNTC TNTC
100 50 TNTC TNTC TNTC
1,000 50 17 14 31,000
I5 1 50 0 0 0
J5 1 50 0 0 0
K5 1 25 0 0 0
L5 1 50 0 0 0
M5 1 50 0 0 0
N5 1 50 0 0 0
O5 1 50 0 0 0
P5 1 50 0 0 0
Q5 1 50 0 0 0
R5 1 50 0 0 0
S5 1 50 0 1 1
T5 1 50 0 0 0
U5 1 25 0 0 0
BG5 1
A7.5 1 25 0 0
B7.5 1 50 0 0
C7.5 1 50 0 0
D7.5 1 50 0 0
E7.5
F7.5
G7.5
H7.5
M7.5 1 25 0 0
N7.5 1 25 1 4
O7.5 1 50 0 0
P7.5 1 50 0 0
BG7.5
A10 1 50 0 0 0
B10 1 50 0 0 0
C10 1 50 0 0 0
D10 1 50 0 0 0
I10 1 25 0 0
J10 1 50 0 0
K10 1 50 0 0
L10 1 50 0 0
Q10 1 50 0 0
R10 1 50 0 0
S10 1 50 0 0
T10 1 50 0 0
U10 1 50 0 0
BG10
Notes: TNTC = Too Numerous To Count (>70)
For all 1:10 dilutions, 20 ml of sample was added to 200 mL solution.
Date
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Appendix G: Grand Bay Field Site Data (Salinity, pH, Dissolved Oxygen, and 
Temperature) 
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MUS Salinity Data (ppt) - Grand Bay
Note:  Coordinates of injection point are (x,y,z) = (0,0,0).
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Well Coordinates Background 
ID 3/31/01 4/20/01 5/16/01 5/23/01
15:00 12:50 10:30 12:00
Background -- -- -- 17.1 7.3 15 12 17 19
I5 0 8 7.5 23.0 6.2
J5 8 0 7.5 24.5 4.5
K5 0 -8 7.5 25.0 5.0
L5 -8 0 7.5 23.9 3.9
M5 6 6 7.5 26.2 3.2 33 25 26 28
N5 6 -6 7.5 19.4 6.2 19 17 24 25
O5 -6 -6 7.5 23.7 5.2 27 24 30 30
P5 -6 6 7.5 26.1 2.6 30 25 26 27
Q5 20 0 7.5 28.3 3.2
R5 16 16 7.5 29.3 3.4
S5 -16 -16 7.5 25.0 5.1
T5 0 -20 7.5 28.5 4.0
U5 -16 16 7.5 27.6 2.9
A7.5 0 4 5 25.8 2.7 29 29 23 26
B7.5 4 0 5 18.3 7.1 15 24 26 26
C7.5 0 -4 5 18.9 6.5 27 28 25 29
D7.5 -4 0 5 20.3 6.1 11 21 26 35
E7.5 2 2 5 25.8 3.8 17 30 24 14
F7.5 2 -2 5 22.9 2.9 17 18 24 22
G7.5 -2 -2 5 19.9 5.7 27 30 25 28
H7.5 -2 2 5 25.1 3.1 25 30 26 26
M7.5 6 6 5 26.0 3.1 32 33 30 30
N7.5 6 -6 5 18.8 6.7 20 20 19 28
O7.5 -6 -6 5 22.4 6.8 10 16 26 30
P7.5 -6 6 5 26.6 2.8 25 30 25 22
A10 0 4 2.5 7.4 4.2 8 9 13 13
B10 4 0 2.5 10.3 9.6 14 29 30 25
C10 0 -4 2.5 8.1 9.2 21 27 23 27
D10 -4 0 2.5 11.0 7.9 8 9 19 15
I10 0 8 2.5 11.9 5.3 10 16 22 20
J10 8 0 2.5 10.6 6.9 10 4 24 26
K10 0 -8 2.5 14.4 5.3 10 13 16 15
L10 -8 0 2.5 12.6 4.6 11 18 20 15
Q10 20 0 2.5 16.1 4.4
R10 16 16 2.5 26.6 4.5
S10 -16 -16 2.5 7.5 3.2
T10 0 -20 2.5 12.8 6.2
U10 -16 16 2.5 20.4 3.4
Std. Dev.x y z Mean
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MUS Salinity Data (ppt) - Grand Bay
Well Background 0.5 gpm (1.9 L/min)
ID 6/3/01 6/5/01 6/11/01 6/15/01 6/21/01 7/2/01 7/9/01 8/1/01
11:30 13:45 13:00 10:15 13:00 12:30 10:00 13:30
Background 25 22 15 10 12 14 13 12
I5
J5
K5
L5
M5 30 29 -- 28 25 16 27 25
N5 24 -- -- 26 22 21 16 15
O5 30 31 -- 30 24 25 26 20
P5 27 -- -- 29 25 25 29 26
Q5
R5
S5
T5
U5
A7.5 26 30 -- 25 30 25 25 20
B7.5 26 -- -- 25 25 22 21 10
C7.5 27 -- -- 27 24 25 25 5
D7.5 27 -- -- 27 26 26 23 20
E7.5 24 28 -- 25 27 25 20 24
F7.5 25 -- -- 25 26 25 26 21
G7.5 30 -- -- 25 24 25 22 5
H7.5 25 -- -- 20 24 25 26 23
M7.5 23 -- -- 27 26 20 22 25
N7.5 29 -- -- 30 22 24 21 16
O7.5 29 -- -- 26 25 25 26 17
P7.5 26 -- -- 30 25 25 28 25
A10 15 14 -- 10 15 7 10 0
B10 27 26 -- 26 22 5 5 5
C10 27 -- -- 30 25 13 8 7
D10 30 -- -- 30 20 7 5 7
I10 20 -- -- 15 20 17 15 6
J10 20 -- -- 21 16 20 12 6
K10 17 -- -- 15 13 14 15 15
L10 17 -- -- 15 11 15 13 12
Q10
R10
S10
T10
U10  
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MUS Salinity Data (ppt) - Grand Bay
Well 0.5 gpm (1.9 L/min) 1.45 gpm (5.5 L/min)
ID 8/7/01 8/14/01 8/23/01 9/5/01 9/17/01 10/3/01 10/18/01 11/5/01
9:00 11:00 12:00 10:00 10:00 10:00 8:30 9:00
Background 17 6 12 2 -- 22.0 26 29
I5 15 20.0 31 26
J5 17 15.0 27 26
K5 14 20.0 31 28
L5 15 20 26 26
M5 24 22 28 27 22 25 30 28
N5 10 10 14 13 15 15 23 27
O5 15 14 16 20 20 26 29 28
P5 25 25 23 21 23 25 30 28
Q5 23 25 36 28
R5 25 26 37 32
S5 16 22 32 31
T5 25 27 36 30
U5 25 24 34 30
A7.5 24 25 30 27 21 25 29 27
B7.5 5 6 15 7 15 15 20 27
C7.5 7 5 11 15 10 20 21 19
D7.5 10 17 15 16 17 19 13 19
E7.5 24 26 29 26 20 24 28 27
F7.5 21 21 20 25 20 23 28 24
G7.5 15 10 15 17 15 19 22 22
H7.5 20 21 29 25 20 21 27 26
M7.5 25 25 25 28 21 25 31 28
N7.5 10 5 17 7 14 20 24 25
O7.5 13 12 16 17 16 25 27 27
P7.5 26 26 28 28 23 22 31 28
A10 4 6 10 8 4 9 4 6
B10 4 7 7 17 2 7 2 5
C10 5 5 5 11 7 6 2 2
D10 6 7 10 18 4 5 2 3
I10 6 10 15 10 5 6 14 15
J10 5 10 10 5 4 14 8 27
K10 14 15 18 15 12 14 8 6
L10 11 10 15 18 5 14 8 15
Q10 16 17 19 20
R10 23 25 34 32
S10 6 15 8 10
T10 10 20 9 24
U10 17 15 24 17  
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MUS Salinity Data (ppt) - Grand Bay
Well 0.75 gpm (2.8 L/min)
ID 11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 2/18/02 3/5/02
8:00 9:00 10:00 9:00 11:15 11:30 9:30 9:30
Background 32 30 25 10 22 20 20 14
I5 29 20 26 25 30 28 26 5
J5 24 26 27 27 34 26 24 --
K5 31 32 28 27 27 27 26 25
L5 23 29 27 25 25 26 26 23
M5 27 25 27 27 32 27 26 25
N5 29 30 27 25 -- 22 23 20
O5 29 30 28 28 30 28 25 22
P5 29 30 28 27 31 28 25 27
Q5 30 31 28 27 32 29 27 30
R5 31 26 28 28 32 29 27 33
S5 31 28 28 27 24 27 26 26
T5 31 31 28 27 33 27 26 30
U5 31 30 27 27 25 27 25 27
A7.5 28 30 27 26 27 26 24 20
B7.5 26 27 27 23 28 24 15 15
C7.5 22 22 20 19 25 22 20 20
D7.5 21 29 26 22 -- 26 25 23
E7.5 30 31 28 27 31 26 23 21
F7.5 22 21 22 21 27 24 23 20
G7.5 28 19 20 24 25 24 22 17
H7.5 30 30 27 27 32 27 25 26
M7.5 27 29 27 27 30 28 26 30
N7.5 28 30 21 22 -- 23 15 20
O7.5 28 29 27 27 33 26 24 30
P7.5 30 31 28 27 32 28 26 25
A10 7 7 6 6 12 6 5 2
B10 27 18 -- 17 14 2 1 16
C10 7 13 8 5 15 2 1 1
D10 6 20 16 19 23 2 1 10
I10 15 13 10 10 12 9 6 26
J10 9 10 7 11 20 7 5 3
K10 20 23 24 23 25 15 8 2
L10 18 18 16 10 12 6 7 14
Q10 23 20 16 15 16 16 14 15
R10 30 32 27 28 30 27 21 30
S10 13 8 8 6 3 6 5 7
T10 24 19 16 10 11 13 8 10
U10 23 15 22 21 -- 22 21 17  
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MUS Salinity Data (ppt) - Grand Bay
Well 0.75 gpm (2.8 L/min) (15 min/ hr)
ID 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02
8:40 8:20 8:00 8:00 10:00
Background 17 10 6 17 23
I5 26 20 21 23 22
J5 26 26 21 20 25
K5 23 25 15 22 25
L5 27 23 15 25 25
M5 30 28 24 30 28
N5 20 21 3 18 22
O5 26 22 11 22 25
P5 25 24 25 20 25
Q5 27 27 23 30 28
R5 30 33 27 26 27
S5 26 24 12 21 26
T5 28 30 17 30 29
U5 26 30 25 30 26
A7.5 25 28 25 27 25
B7.5 11 15 9 20 24
C7.5 22 22 19 21 25
D7.5 25 20 10 12 23
E7.5 25 27 24 27 25
F7.5 20 18 20 27 25
G7.5 15 25 20 20 22
H7.5 25 -- 25 24 23
M7.5 25 22 26 26 26
N7.5 14 15 6 20 20
O7.5 20 10 9 22 25
P7.5 27 22 23 22 26
A10 6 8 4 10 20
B10 10 1 5 16 15
C10 0 6 5 6 17
D10 14 11 7 15 19
I10 13 10 6 10 15
J10 10 7 3 11 15
K10 15 16 7 8 16
L10 9 14 3 15 24
Q10 8 13 6 20 22
R10 20 25 17 25 26
S10 7 5 3 10 10
T10 5 10 2 14 15
U10 23 20 21 25 25  
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MUS pH Data - Grand Bay
Note:  Coordinates of injection point are (x,y,z) = (0,0,0).
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Well Coordinates Background
ID 5/16/01 5/23/01 6/3/01 6/15/01
10:30 12:00 11:30 11:00
Background -- -- -- 7.46 0.40 7.61 7.80 7.86 6.82
Influent -- -- -- 7.80 0.53 -- -- -- 7.72
I5 0 8 7.5 6.49 0.14
J5 8 0 7.5 6.61 0.09
K5 0 -8 7.5 6.72 0.22
L5 -8 0 7.5 6.51 0.13
M5 6 6 7.5 6.42 0.14 6.32 6.30 6.36 6.32
N5 6 -6 7.5 6.70 0.22 6.51 6.45 6.53 6.53
O5 -6 -6 7.5 6.46 0.25 6.30 6.26 6.16 6.13
P5 -6 6 7.5 6.38 0.24 6.16 5.99 6.09 6.08
Q5 20 0 7.5 6.41 0.20
R5 16 16 7.5 6.53 0.15
S5 -16 -16 7.5 6.40 0.12
T5 0 -20 7.5 6.26 0.13
U5 -16 16 7.5 6.40 0.15
A7.5 0 4 5 6.38 0.24 6.02 6.19 6.06 6.12
B7.5 4 0 5 6.64 0.28 6.36 6.32 6.20 6.28
C7.5 0 -4 5 6.63 0.23 6.40 6.30 6.30 6.35
D7.5 -4 0 5 6.83 0.38 6.99 6.87 6.18 6.15
E7.5 2 2 5 6.62 0.19 6.59 6.61 6.47 6.33
F7.5 2 -2 5 6.74 0.21 6.54 6.94 6.65 6.50
G7.5 -2 -2 5 6.66 0.25 6.37 6.32 6.29 6.35
H7.5 -2 2 5 6.65 0.32 6.22 6.21 6.37 6.33
M7.5 6 6 5 6.40 0.16 6.29 6.31 6.39 6.27
N7.5 6 -6 5 6.71 0.30 6.36 6.41 6.40 6.45
O7.5 -6 -6 5 6.50 0.31 6.29 6.30 6.15 6.16
P7.5 -6 6 5 6.38 0.21 6.12 6.50 6.10 6.10
A10 0 4 2.5 6.98 0.46 6.02 7.39 6.12 6.11
B10 4 0 2.5 6.99 0.44 6.39 6.32 6.27 6.31
C10 0 -4 2.5 7.11 0.43 6.41 6.37 6.37 6.34
D10 -4 0 2.5 6.97 0.49 6.14 6.18 5.97 6.07
I10 0 8 2.5 6.76 0.40 6.26 6.29 6.25 6.26
J10 8 0 2.5 6.80 0.41 6.37 6.34 6.21 6.17
K10 0 -8 2.5 6.70 0.46 6.27 6.49 6.17 6.47
L10 -8 0 2.5 6.78 0.42 6.20 6.24 6.16 6.31
Q10 20 0 2.5 6.58 0.34
R10 16 16 2.5 6.49 0.16
S10 -16 -16 2.5 6.16 0.17
T10 0 -20 2.5 6.30 0.13
U10 -16 16 2.5 6.64 0.13
x y z Mean Std. Dev.
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MUS pH Data - Grand Bay
Well 0.5 gpm (1.9 L/min) 1.45 gpm (5.5 L/min)
ID 6/21/01 7/2/01 7/9/01 8/14/01 8/23/01 9/5/01 10/3/01 10/18/01
1:30 12:30 10:00 11:00 12:00 9:00 10:00 8:30
Background 7.63 7.30 7.44 6.66 7.03 6.57 7.70 7.51
Influent 7.69 7.53 7.21 7.88 8.19 8.12
I5 6.44 6.44
J5 6.49 6.62
K5 6.40 6.64
L5 6.51 6.55
M5 6.29 6.22 6.20 6.11 6.25 6.38 6.45 6.49
N5 6.45 6.46 6.43 6.52 6.39 6.89 6.83 6.67
O5 6.23 6.09 6.11 6.19 6.13 6.33 6.46 6.58
P5 6.14 6.02 6.12 6.18 6.12 6.86 6.25 6.45
Q5 6.23 6.31
R5 6.39 6.48
S5 6.36 6.53
T5 6.05 6.10
U5 6.32 6.42
A7.5 6.12 6.11 6.12 6.04 6.28 6.33 6.41 6.47
B7.5 6.32 6.21 6.44 6.86 6.75 6.82 6.78 6.86
C7.5 6.40 6.29 6.32 6.93 6.79 6.80 6.58 6.69
D7.5 6.19 6.12 6.42 7.07 6.73 6.86 7.09 7.22
E7.5 6.31 6.60 6.76 6.17 6.45 6.60 6.64 6.82
F7.5 6.52 6.38 6.47 6.49 6.77 6.49 6.81 6.81
G7.5 6.43 6.26 6.26 6.69 6.66 6.82 6.63 6.69
H7.5 6.40 6.21 6.39 6.43 6.57 6.80 6.84 6.78
M7.5 6.21 6.13 6.15 6.09 6.33 6.37 6.47 6.48
N7.5 6.42 6.35 6.43 6.39 6.52 6.90 6.77 6.58
O7.5 6.20 6.06 6.09 6.21 6.19 6.40 6.41 6.52
P7.5 6.16 6.09 6.25 6.15 6.24 6.28 6.13 6.48
A10 6.00 6.70 6.96 7.12 7.17 7.33 7.20 7.24
B10 6.28 7.07 7.34 7.09 7.38 6.74 7.66 7.69
C10 6.40 6.71 6.96 7.18 7.20 7.34 7.40 7.63
D10 6.32 7.10 7.58 7.25 7.11 6.70 7.44 7.71
I10 6.20 6.14 6.14 6.85 6.79 7.01 6.72 6.90
J10 6.26 6.12 6.13 6.81 7.21 6.88 6.93 7.05
K10 6.27 6.10 6.16 5.92 5.97 6.32 6.93 7.04
L10 6.38 6.15 6.21 6.54 6.93 6.94 6.97 7.17
Q10 6.29 6.41
R10 6.32 6.50
S10 6.16 6.32
T10 6.17 6.31
U10 6.63 6.67  
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MUS pH Data - Grand Bay
Well 0.75 gpm (2.8 L/min)
ID 11/5/01 11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 2/18/02
9:00 8:00 9:00 10:00 9:00 11:15 11:30 10:00
Background 7.51 7.45 7.22 7.16 7.69 7.87 8.22 8.18
Influent 8.62 7.91 7.74 9.19 8.24 8.23 7.80
I5 6.40 6.32 6.55 6.41 6.67 6.43 6.38 6.75
J5 6.53 6.69 6.59 6.54 6.73 6.52 6.60 6.81
K5 6.63 6.50 6.56 6.59 7.19 6.81 6.63 6.95
L5 6.35 6.45 6.36 6.44 6.59 6.55 6.42 6.54
M5 6.40 6.58 6.63 6.50 6.62 6.54 6.42 6.58
N5 6.55 6.52 6.61 6.66 6.91 6.80 6.87 6.85
O5 6.42 6.78 6.44 6.53 6.70 6.65 6.52 6.67
P5 6.48 6.45 6.41 6.43 6.67 6.53 6.47 6.59
Q5 6.24 6.30 6.29 6.38 6.47 6.50 6.29 6.96
R5 6.25 6.52 6.40 6.56 6.74 6.63 6.49 6.69
S5 6.27 6.46 6.35 6.46 6.50 6.40 6.35 6.23
T5 6.17 6.22 6.24 6.31 6.44 6.41 6.27 6.25
U5 6.05 6.38 6.40 6.41 6.57 6.47 6.36 6.46
A7.5 6.44 6.44 6.38 6.95 6.61 6.60 6.49 6.65
B7.5 6.55 6.61 6.64 6.64 6.33 6.71 6.66 7.12
C7.5 6.57 6.60 6.70 6.80 6.90 6.49 6.65 6.84
D7.5 6.92 7.52 7.02 7.00 7.25 6.52 6.74
E7.5 6.70 6.55 6.46 6.68 6.67 6.94 6.60 6.78
F7.5 6.58 6.74 6.82 6.88 7.00 6.69 6.72 7.08
G7.5 6.51 6.69 6.97 6.79 6.96 6.91 6.82 6.86
H7.5 6.48 6.93 6.55 6.72 7.03 6.76 6.69 7.28
M7.5 6.39 6.44 6.39 6.55 6.67 6.51 6.38 6.61
N7.5 6.64 6.46 6.62 6.80 7.11 6.81 6.75 7.11
O7.5 6.37 6.42 6.43 6.56 6.69 6.61 6.58 6.70
P7.5 6.40 6.36 6.36 6.54 6.63 6.52 6.43 6.69
A10 7.03 6.98 7.18 7.35 7.50 7.30 7.43 7.41
B10 7.28 6.59 7.06 7.19 7.32 7.65 7.28
C10 7.48 7.27 7.22 7.40 7.73 7.30 7.62 7.38
D10 7.37 7.37 6.87 7.02 7.13 7.17 7.57 6.98
I10 6.62 6.58 6.58 6.72 6.88 7.05 6.96 7.45
J10 6.74 7.00 6.80 7.10 6.73 6.80 7.21 7.71
K10 7.07 6.61 6.64 6.66 6.80 6.75 6.98 7.44
L10 6.67 6.62 6.63 6.76 7.08 7.14 7.21 7.42
Q10 6.10 6.26 6.20 6.28 6.40 6.44 6.48 6.75
R10 6.22 6.52 6.52 6.57 6.67 6.60 6.50 6.52
S10 6.00 6.07 5.97 6.16 6.23 6.18 6.15 5.84
T10 6.21 6.25 6.21 6.32 6.45 6.26 6.19 6.12
U10 6.54 6.60 6.64 6.60 6.82 6.61 6.63  
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MUS pH Data - Grand Bay
Well 0.75 gpm (2.8 L/min) (15 min / hr)
ID 3/5/02 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02
10:00 10:30 10:00 9:00 9:00 10:00
Background 7.30 7.64 7.35 7.39 7.38 7.55
Influent 7.37 7.23 7.14 7.49 7.03 7.75
I5 6.76 6.39 6.59 6.42 6.40 6.52
J5 6.63 6.72 6.51 6.57 6.63
K5 7.19 6.61 6.62 6.79 6.67 6.78
L5 6.83 6.44 6.52 6.75 6.34 6.53
M5 6.68 6.40 6.54 6.47 6.39 6.47
N5 7.16 6.84 6.92 7.11 6.99 6.80
O5 6.85 6.47 6.69 6.99 6.63 6.71
P5 6.78 6.44 6.59 6.54 6.40 6.51
Q5 6.73 6.24 6.42 6.57 6.32 6.37
R5 6.88 6.51 6.57 6.58 6.38 6.44
S5 6.66 6.21 6.49 6.39 6.28 6.43
T5 6.58 6.18 6.32 6.24 6.18 6.27
U5 6.74 6.28 6.34 6.36 6.34 6.57
A7.5 6.84 6.43 6.54 6.48 6.37 6.48
B7.5 6.98 6.71 7.05 7.18 6.72 6.62
C7.5 7.10 6.62 6.86 6.90 6.65 6.55
D7.5 7.21 6.66 7.09 7.08 7.04 6.74
E7.5 6.95 6.60 6.91 6.70 6.61 6.65
F7.5 7.04 6.64 6.84 7.11 6.72 7.04
G7.5 7.22 6.65 6.82 6.82 6.60 6.76
H7.5 7.38 6.53 6.93 6.52 7.01
M7.5 6.78 6.46 6.49 6.42 6.37 6.56
N7.5 7.28 6.97 7.23 7.24 6.68 6.76
O7.5 6.96 6.88 7.18 7.18 6.64 6.70
P7.5 6.86 6.44 6.58 6.57 6.43 6.54
A10 7.36 7.04 7.30 6.50 6.91 6.89
B10 6.97 6.98 7.10 7.10 6.86 6.89
C10 7.64 7.20 7.32 7.02 7.08 7.00
D10 7.02 7.22 7.10 6.97 6.98
I10 7.49 7.17 7.24 7.24 6.98 6.92
J10 7.23 7.19 7.20 6.82 6.98 6.75
K10 7.57 6.96 7.08 7.21 7.13 7.19
L10 7.37 7.21 7.16 7.31 6.89 6.51
Q10 6.96 6.84 7.00 7.26 6.78 6.78
R10 6.89 6.35 6.44 6.44 6.33 6.46
S10 6.50 6.38 6.18 6.30 5.94 6.24
T10 6.58 6.28 6.56 6.23 6.36 6.31
U10 6.92 6.61 6.50 6.53 6.48 6.85  
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MUS Dissolved Oxygen Data (mg/L) - Grand Bay
Note:  Coordinates of injection point are (x,y,z) = (0,0,0)
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Well Coordinates Background
ID 5/16/01 5/23/01 6/3/01 6/11/01
10:30 12:00 11:30 13:00
Background -- -- -- 6.81 2.00 -- 8.84 9.04 7.85
Influent -- -- -- 1.24 2.27 -- -- -- --
I5 0 8 7.5 1.30 0.80
J5 8 0 7.5 1.05 0.26
K5 0 -8 7.5 2.45 2.05
L5 -8 0 7.5 1.18 0.51
M5 6 6 7.5 1.02 0.53 0.42 0.49 0.31 --
N5 6 -6 7.5 0.83 0.45 0.31 0.57 0.31 --
O5 -6 -6 7.5 1.14 1.00 0.33 0.66 0.30 --
P5 -6 6 7.5 0.86 0.33 0.64 0.52 0.32 --
Q5 20 0 7.5 1.48 0.74
R5 16 16 7.5 1.26 0.56
S5 -16 -16 7.5 1.12 0.60
T5 0 -20 7.5 0.99 0.32
U5 -16 16 7.5 1.07 0.53
A7.5 0 4 5 0.89 0.39 0.61 0.59 0.54 --
B7.5 4 0 5 1.12 0.68 0.42 0.73 0.37 --
C7.5 0 -4 5 0.90 0.45 0.28 0.62 0.28 --
D7.5 -4 0 5 1.95 2.01 6.00 0.68 0.30 --
E7.5 2 2 5 1.81 1.42 4.55 1.02 1.42 --
F7.5 2 -2 5 1.51 1.56 0.38 0.78 0.28 --
G7.5 -2 -2 5 1.34 1.35 0.31 0.58 0.33 --
H7.5 -2 2 5 2.25 2.35 0.57 0.59 0.42 --
M7.5 6 6 5 0.92 0.58 0.30 0.51 0.29 --
N7.5 6 -6 5 0.80 0.27 0.57 0.57 0.36 --
O7.5 -6 -6 5 1.01 0.45 0.71 0.54 0.27 --
P7.5 -6 6 5 0.98 0.35 0.82 0.80 0.33 --
A10 0 4 2.5 1.08 0.73 0.75 0.60 0.61 --
B10 4 0 2.5 1.16 0.66 0.44 0.39 0.30 --
C10 0 -4 2.5 0.82 0.31 0.38 0.70 0.36 --
D10 -4 0 2.5 0.97 0.85 0.58 0.85 0.31 --
I10 0 8 2.5 0.86 0.32 0.58 0.51 0.34 --
J10 8 0 2.5 0.92 0.33 0.42 0.70 0.28 --
K10 0 -8 2.5 0.87 0.30 0.53 0.77 0.28 --
L10 -8 0 2.5 0.91 0.33 0.85 0.70 0.32 --
Q10 20 0 2.5
R10 16 16 2.5
S10 -16 -16 2.5
T10 0 -20 2.5
U10 -16 16 2.5
x y z Mean Std. Dev.
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MUS Dissolved Oxygen Data (mg/L) - Grand Bay
Well 0.5 gpm (1.9 L/min)
ID 6/15/01 6/21/01 7/2/01 7/9/01 8/14/01 8/23/01 9/5/01 10/18/01
11:00 1:30 12:30 10:00 11:00 12:00 9:00 8:30
Background 5.64 6.05 5.98 4.74 6.53 4.13 5.53
Influent 0.23 0.29 0.40 1.36 0.17
I5 0.60
J5 0.79
K5 1.91
L5 0.51
M5 0.89 0.89 0.76 0.70 0.87 1.07 1.23 0.56
N5 0.46 0.69 0.71 0.59 0.55 0.74 0.48 0.48
O5 0.65 0.90 0.87 0.78 1.26 0.71 1.11 0.94
P5 0.61 0.86 0.81 0.70 0.61 0.95 1.19 0.40
Q5 0.97
R5 0.39
S5 0.42
T5 0.38
U5 0.26
A7.5 0.55 0.55 0.63 0.63 1.33 1.04 0.96 0.68
B7.5 0.75 0.91 0.67 0.68 0.81 0.69 0.92 1.83
C7.5 0.67 0.72 0.81 0.61 0.76 0.77 0.59 0.47
D7.5 0.79 0.98 0.77 0.68 0.81 1.22 0.94 0.51
E7.5 0.51 0.80 0.92 0.76 1.10 2.02
F7.5 0.63 0.95 1.02 0.64 1.39 0.77 3.15 0.78
G7.5 0.61 1.03 0.74 0.76 0.71 0.66 1.73 0.46
H7.5 0.97 0.82 0.85 0.64 5.82 0.83 5.05 0.39
M7.5 0.62 0.80 0.82 0.64 0.74 0.95 1.32 0.49
N7.5 0.73 0.88 0.75 0.81 0.60 0.41 0.60 0.51
O7.5 0.77 0.97 0.65 0.92 0.87 0.83 1.11 0.55
P7.5 0.83 1.17 0.83 0.65 0.84 0.80 1.30 0.58
A10 1.15 1.70 0.89 0.56 0.87 0.87 1.79 0.99
B10 1.73 0.75 1.20 1.62 3.36 1.70 1.23 1.36
C10 0.44 1.11 0.98 0.75 0.79 0.79 0.59 0.42
D10 0.70 1.06 0.80 0.92 0.84 0.75 0.87 0.58
I10 0.79 0.91 0.71 0.93 0.59 0.80 1.43 0.48
J10 0.60 0.91 0.82 1.05 1.22 0.98 1.00 0.64
K10 0.72 1.00 0.89 0.97 0.62 0.85 1.01 0.62
L10 0.84 0.95 0.99 0.80 0.60 0.62 1.03 0.76
Q10 1.03
R10 0.51
S10 0.93
T10 0.66
U10 0.36  
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MUS Dissolved Oxygen Data (mg/L) - Grand Bay
Well 0.75 gpm (2.8 L/min)
ID 11/5/01 11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 3/5/02
9:00 8:00 9:00 10:00 9:00 11:15 11:30 10:00
Background 7.06 8.77 7.94 5.86 9.93 9.79 8.45 1.53
Influent 0.52 0.97 0.59 1.46 0.26 1.20 9.88
I5 0.92 0.75 3.05 1.10 2.97 0.76 1.86 1.53
J5 1.07 0.98 1.26 0.70 1.22 0.81 1.30
K5 3.43 0.57 1.48 2.07 6.80 2.95 6.22
L5 0.73 1.38 0.79 1.20 0.96 2.13 1.15 1.44
M5 0.64 2.90 0.93 0.73 1.14 1.18 1.55 1.42
N5 0.87 0.54 0.74 0.56 1.03 1.28 1.59 1.00
O5 0.63 5.53 0.72 0.86 1.42 0.79 1.34 0.77
P5 1.06 0.47 0.81 0.69 1.43 0.88 1.58 1.13
Q5 1.52 0.97 0.92 0.88 1.45 1.35 1.42 2.45
R5 0.63 1.23 1.09 0.86 1.31 1.66 1.99 1.20
S5 0.70 0.17 1.79 0.82 2.14 1.31 1.98 1.69
T5 0.93 0.98 1.06 0.86 1.14 1.53 1.58 0.90
U5 0.61 0.41 1.08 0.95 2.18 1.19 1.52 1.21
A7.5 0.85 0.95 1.07 0.62 1.26 0.70 1.19 2.33
B7.5 1.51 3.66 1.51 1.41 1.24 1.75 1.24
C7.5 0.68 0.61 0.76 0.76 1.11 0.99 1.83 1.42
D7.5 0.79 5.62 7.61 0.99 0.98 1.05 1.50
E7.5 4.73 2.88 1.48 0.75 1.25 1.26 1.85
F7.5 0.79 0.29 1.29 2.05 0.87 0.87 1.05 1.66
G7.5 0.68 2.74 0.49 2.01 1.50 1.85 1.80
H7.5 1.28 6.76 1.07 0.58 6.36 3.59
M7.5 0.87 0.41 0.59 0.77 1.40 0.90 2.22 1.92
N7.5 0.74 0.76 0.63 1.00 1.38 0.79 1.33 0.93
O7.5 0.79 0.62 0.63 0.78 1.55 1.77 1.36 2.12
P7.5 0.89 0.49 0.76 1.00 1.27 1.10 1.36 1.51
A10 1.40 0.81 4.01 0.32 1.33 0.55 1.26 0.68
B10 1.53 1.08 1.79 0.83 0.69 1.74 1.11
C10 1.10 0.32 0.89 0.72 0.98 0.71 1.06 0.90
D10 0.78 0.55 0.64 0.57 4.59 0.85 1.67 1.07
I10 1.20 0.66 0.61 0.63 1.03 0.90 1.68 1.11
J10 1.30 0.27 1.17 1.48 1.46 0.96 0.98 1.40
K10 0.58 0.72 0.66 0.82 0.85 1.10 1.17 0.67
L10 0.68 0.97 0.80 0.66 1.01 0.95 1.73 0.92
Q10 0.62 1.09 1.15 1.02 2.19 0.92 1.43 1.01
R10 0.80 0.93 0.83 0.84 1.22 1.91 1.61 1.70
S10 0.95 0.40 0.87 1.02 1.54 0.90 2.01 1.78
T10 0.62 0.90 1.23 1.06 1.59 0.70 1.49 0.90
U10 0.53 0.88 0.97 0.74 1.18 2.01 0.73  
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MUS Dissolved Oxygen Data (mg/L) - Grand Bay
Well 0.75 gpm (2.8 L/min) (15 min / hr)
ID 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02
10:30 10:00 9:00 9:00 10:00
Background 8.48 6.14 5.52 5.46 7.40
Influent 0.61 1.51 0.69 0.40 0.50
I5 1.12 0.74 1.05 0.74 0.95
J5 1.58 0.87 1.20 1.12 0.78
K5 3.09 0.66 0.93 0.53 1.23
L5 2.30 0.88 0.87 1.21 0.91
M5 1.70 0.89 0.97 1.10 1.06
N5 1.96 0.95 0.81 1.94 0.73
O5 1.26 1.79 1.00 1.38 1.35
P5 1.50 1.06 0.84 0.79 0.89
Q5 1.50 1.27 3.65 1.21 1.13
R5 2.55 0.77 1.32 1.08 1.60
S5 0.96 1.11 1.13 0.55 0.95
T5 0.83 1.26 0.70 1.05 0.68
U5 1.12 0.82 0.87 1.90 0.83
A7.5 0.58 0.85 1.05 0.87 0.95
B7.5 0.95 0.94 0.97 1.05 0.73
C7.5 0.69 1.24 1.78 1.53 1.71
D7.5 4.28 2.69 1.36 1.20 3.18
E7.5 1.40 5.50 1.88 0.75 1.10
F7.5 1.59 0.84 6.27 1.86 6.00
G7.5 1.47 1.01 6.82 1.02 1.45
H7.5 0.97 1.36 6.10
M7.5 2.42 0.17 0.91 0.94 1.02
N7.5 0.79 1.00 0.94 1.30 0.87
O7.5 1.19 1.19 0.97 1.31 1.69
P7.5 1.95 1.07 0.93 1.33 0.95
A10 0.71 1.28 1.18 0.59 1.09
B10 0.73 0.79 0.75 0.76 0.81
C10 1.34 1.40 0.80 0.86 1.39
D10 0.29 0.71 0.75 1.89 0.69
I10 1.39 0.74 0.90 0.77 1.04
J10 0.82 0.78 0.94 0.85 0.93
K10 1.53 1.52 0.98 1.24 0.88
L10 1.63 0.92 0.65 0.91 1.61
Q10 1.44 1.20 0.94 1.25 1.29
R10 1.29 0.91 0.85 1.09 1.23
S10 0.77 1.62 1.50 1.14 5.68
T10 0.82 1.29 0.86 1.38 1.47
U10 1.47 1.25 0.85 1.27 0.84  
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MUS Temperature Data (oC) - Grand Bay
Note:  Coordinates of injection point are (x,y,z) = (0,0,0)
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Well Coordinates Background
ID 5/16/01 5/23/01 6/3/01 6/11/01
10:30 12:00 11:30 13:00
Background -- -- -- 24.1 6.8 30.7 27.7 33.1 26.0
Influent -- -- -- 21.6 5.6 -- -- -- --
I5 0 8 7.5
J5 8 0 7.5
K5 0 -8 7.5
L5 -8 0 7.5
M5 6 6 7.5 21.3 3.4 22.1 22.4 22.3 --
N5 6 -6 7.5 21.9 3.4 23.2 23.1 22.9 --
O5 -6 -6 7.5 21.3 3.1 22.2 21.5 22.1 --
P5 -6 6 7.5 21.2 3.1 22.1 22.3 21.8 --
Q5 20 0 7.5
R5 16 16 7.5
S5 -16 -16 7.5
T5 0 -20 7.5
U5 -16 16 7.5
A7.5 0 4 5 21.4 3.1 22.8 22.7 24.5 --
B7.5 4 0 5 21.3 3.0 21.7 21.5 22.0 --
C7.5 0 -4 5 21.6 3.1 23.3 22.7 21.9 --
D7.5 -4 0 5 21.7 3.0 23.8 22.1 22.1 --
E7.5 2 2 5 21.8 3.4 22.8 22.7 23.0 --
F7.5 2 -2 5 21.5 3.3 22.7 22.0 22.1 --
G7.5 -2 -2 5 21.6 3.0 22.1 21.6 21.9 --
H7.5 -2 2 5 21.5 3.4 22.2 21.6 22.1 --
M7.5 6 6 5 21.3 2.9 21.8 21.3 21.5 --
N7.5 6 -6 5 21.6 3.0 22.1 22.4 22.2 --
O7.5 -6 -6 5 21.4 2.8 21.8 21.0 21.9 --
P7.5 -6 6 5 21.1 2.7 21.3 21.4 21.8 --
A10 0 4 2.5 21.2 2.5 21.5 21.9 22.1 --
B10 4 0 2.5 21.3 2.9 21.3 21.8 21.5 --
C10 0 -4 2.5 21.4 2.6 22.4 21.1 21.3 --
D10 -4 0 2.5 21.2 2.7 22.2 20.9 21.3 --
I10 0 8 2.5 21.2 2.5 21.9 21.5 20.9 --
J10 8 0 2.5 21.5 2.4 21.5 21.0 21.3 --
K10 0 -8 2.5 21.5 2.4 22.2 20.9 21.0 --
L10 -8 0 2.5 21.2 2.3 21.9 20.8 20.9 --
Q10 20 0 2.5
R10 16 16 2.5
S10 -16 -16 2.5
T10 0 -20 2.5
U10 -16 16 2.5
x y z Mean Std. Dev.
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MUS Temperature Data (oC) - Grand Bay
Well 0.5 gpm (1.9 L/min)
ID 6/15/01 6/21/01 7/2/01 7/9/01 8/14/01 8/23/01 9/5/01 10/3/01
11:00 1:30 12:30 10:00 11:00 12:00 9:00 10:00
Background 23.8 32.3 24.4 34.2 30.4 32.7 29.6 26.3
Influent 27.7 -- 27.0 26.6 27.6 21.3
I5 24.7
J5 24.7
K5 24.8
L5 24.3
M5 24.1 25.2 24.2 25.1 25.2 25.5 25.6 24.3
N5 24.2 25.1 24.6 25.7 25.2 26.3 27.2 24.7
O5 23.6 23.1 23.9 25.2 24.9 25.2 26.0 24.3
P5 24.0 22.9 23.9 24.9 25.4 25.1 26.2 24.4
Q5 24.0
R5 24.1
S5 23.8
T5 24.0
U5 24.4
A7.5 23.8 24.2 23.8 25.0 25.2 25.0 25.7 24.5
B7.5 23.3 24.0 23.7 24.6 25.6 24.9 25.8 24.7
C7.5 23.6 23.4 23.5 25.0 25.5 25.7 25.9 24.8
D7.5 24.0 22.8 23.3 24.6 25.0 25.5 26.2 24.2
E7.5 25.8 25.6 24.3 26.2 25.8 25.9 26.4 24.6
F7.5 24.0 25.5 23.8 25.2 25.5 25.9 25.5 25.0
G7.5 23.7 23.2 23.8 24.8 25.4 25.5 26.6 24.6
H7.5 23.9 23.0 24.8 26.2 26.0 25.8 26.3 24.5
M7.5 23.3 24.6 23.6 25.2 24.8 24.7 25.4 24.3
N7.5 23.4 24.5 23.6 25.2 24.6 25.3 26.9 25.0
O7.5 22.8 22.2 23.1 24.5 24.8 25.8 26.3 24.6
P7.5 23.2 22.3 23.1 24.5 24.8 24.6 25.7 23.8
A10 22.9 24.7 22.8 23.7 24.1 24.1 24.4 24.0
B10 23.0 24.4 23.2 24.7 26.0 24.6 24.8 24.5
C10 22.8 23.4 22.9 24.3 24.8 24.5 25.1 24.0
D10 22.7 22.4 22.8 24.5 24.2 24.5 24.6 23.9
I10 22.7 23.8 22.3 23.6 24.7 23.9 25.2 24.6
J10 22.8 23.8 23.0 24.2 24.8 24.6 25.3 23.9
K10 23.2 23.3 23.1 24.2 24.9 24.5 24.9 24.1
L10 22.5 21.8 23.0 23.9 24.5 24.2 24.5 23.6
Q10 24.7
R10 24.4
S10 23.6
T10 24.1
U10 23.9  
 194
MUS Temperature Data (oC) - Grand Bay
Well 0.75 gpm (2.8 L/min)
ID 10/18/01 11/5/01 11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02
8:30 9:00 8:00 9:00 10:00 9:00 11:15 11:30
Background 24.0 23.6 21.0 19.4 21.9 9.2 19.4 14.5
Influent 16.7 18.3 20.0 20.4 8.9 27.7 16.5
I5 22.0 20.5 21.3 19.7 20.9 14.5 17.9 16.3
J5 23.1 21.5 21.0 19.6 21.5 15.3 17.5 16.8
K5 22.5 21.8 21.5 21.4 21.4 15.1 17.6 16.6
L5 22.7 22.5 21.0 20.9 21.3 16.0 17.0 16.7
M5 23.4 21.1 22.6 20.0 21.5 14.8 17.7 16.5
N5 22.1 25.2 21.7 21.3 21.5 15.5 17.5 16.5
O5 22.4 22.0 21.5 20.9 20.9 15.1 19.0 16.6
P5 22.0 21.1 20.8 20.4 21.2 15.6 18.1 16.7
Q5 22.9 22.6 21.5 20.7 20.9 16.7 18.4 16.7
R5 23.2 22.6 21.5 21.9 20.7 16.1 18.3 16.7
S5 22.6 24.9 20.4 19.7 20.8 14.7 17.2 16.2
T5 23.0 25.5 21.0 20.0 20.7 16.1 17.6 16.4
U5 22.8 23.0 21.7 20.6 20.8 15.4 18.1 16.8
A7.5 22.1 20.9 21.6 20.8 21.1 16.5 18.3 16.9
B7.5 22.5 21.4 22.1 20.8 21.6 17.1 19.1 16.6
C7.5 23.2 22.4 22.0 21.1 21.6 16.3 17.9 15.9
D7.5 21.5 21.5 22.7 21.3 21.8 17.2 16.4
E7.5 22.3 21.8 22.0 20.4 22.7 16.0 18.5 16.4
F7.5 21.6 21.8 21.5 20.3 21.7 15.6 18.0 16.6
G7.5 23.5 22.5 21.7 20.9 22.9 16.6 18.2 16.8
H7.5 21.3 22.0 21.9 19.9 21.1 14.6 18.2 15.7
M7.5 22.6 21.5 21.7 20.8 23.4 16.2 18.3 17.2
N7.5 21.3 23.4 21.3 21.9 22.1 16.8 18.5 16.5
O7.5 22.7 22.0 22.0 21.3 21.5 16.4 19.0 17.0
P7.5 21.6 21.4 21.8 21.1 21.4 17.0 18.5 17.0
A10 21.2 22.0 21.9 22.1 21.1 17.5 19.4 17.0
B10 21.8 22.5 22.3 20.9 17.6 19.3 17.2
C10 22.9 22.4 22.2 21.4 22.0 18.0 19.2 16.1
D10 22.0 22.4 22.2 21.7 21.9 14.7 19.0 17.0
I10 22.3 21.2 22.5 21.5 21.8 16.8 19.0 17.2
J10 23.0 22.1 22.7 20.3 23.2 17.8 19.3 18.1
K10 23.0 23.2 22.3 22.1 22.0 17.8 19.6 17.4
L10 21.3 23.3 22.2 21.6 22.0 18.0 19.3 17.1
Q10 23.0 25.9 22.2 21.5 21.6 19.3 19.9 17.9
R10 23.5 39.9 23.1 20.7 22.1 18.3 20.2 18.6
S10 22.9 25.9 22.0 21.5 21.8 18.8 20.3 17.2
T10 23.1 23.4 22.0 21.3 21.6 19.1 19.9 17.5
U10 22.4 43.0 22.3 21.0 21.6 17.5 16.9  
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MUS Temperature Data (oC) - Grand Bay
Well 0.75 gpm (2.8 L/min) 0.75 gpm (2.8 L/min) (15 min / hr)
ID 2/18/02 3/5/02 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02
10:00 10:00 10:30 10:00 9:00 9:00 10:00
Background 16.6 6.5 24.6 23.2 25.7 27.3 23.1
Influent 14.7 13.7 25.4 21.5 23.2 28.5 24.0
I5 16.5 14.7 17.8 19.4 19.4 21.4 21.4
J5 16.6 18.6 19.0 19.4 20.4 22.5
K5 16.3 16.8 18.1 19.4 19.8 21.2 23.0
L5 16.2 15.5 17.8 19.7 19.3 21.3 23.0
M5 15.8 15.1 17.9 19.2 19.3 21.2 22.4
N5 16.7 16.1 18.1 19.3 19.9 21.8 23.3
O5 16.4 15.2 18.0 18.9 19.6 21.5 22.5
P5 16.1 15.6 19.1 19.3 19.1 21.1 22.0
Q5 16.3 15.9 18.2 18.9 19.1 20.5 21.5
R5 16.5 17.6 17.9 19.5 19.7 20.7 22.5
S5 15.5 14.8 17.4 18.0 19.2 23.9 23.1
T5 15.7 15.9 17.5 18.2 19.4 20.9 22.1
U5 16.5 16.2 18.7 18.8 19.7 21.9 23.1
A7.5 16.4 15.7 18.1 18.9 19.4 20.6 22.8
B7.5 16.6 14.3 18.5 18.8 19.5 20.9 22.0
C7.5 16.6 15.9 18.8 19.9 19.8 21.6 22.4
D7.5 16.5 14.5 18.5 21.5 20.5 22.7 23.2
E7.5 16.9 15.3 18.2 19.6 20.1 22.4 22.1
F7.5 16.7 14.2 19.0 19.2 20.0 21.5 22.8
G7.5 16.3 15.7 19.1 19.8 19.8 22.2 22.4
H7.5 17.5 14.8 18.3 21.1 21.1 23.3
M7.5 17.0 15.8 18.5 18.7 19.3 20.6 21.7
N7.5 17.3 15.9 18.8 19.5 19.5 21.9 22.5
O7.5 17.1 16.7 18.1 18.9 20.3 21.2 22.2
P7.5 16.9 15.8 18.2 18.9 19.8 20.6 21.7
A10 17.0 15.3 19.3 19.0 20.0 20.8 21.9
B10 16.5 15.5 18.4 19.0 19.3 20.6 21.1
C10 16.8 16.8 18.7 19.5 19.7 21.3 22.0
D10 16.3 16.3 19.2 19.5 19.7 22.3 21.8
I10 17.3 16.8 18.1 18.7 19.6 21.5 20.6
J10 17.8 16.6 19.4 19.4 19.9 23.0 21.3
K10 17.7 17.5 18.5 19.3 19.4 21.3 22.4
L10 17.8 16.6 18.7 18.7 20.1 20.5 21.3
Q10 18.1 17.8 19.3 19.1 19.2 20.1 20.4
R10 18.1 18.4 20.0 19.9 20.8 21.2 20.9
S10 17.6 17.3 18.9 18.3 19.6 25.0 21.7
T10 17.2 17.9 18.7 19.5 19.5 20.3 21.8
U10 17.8 17.5 19.9 18.2 19.4 20.0 22.3  
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Appendix H: One-Dimensional Model Fit Program and Output 
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RF 0.991=RF Values1:=D 0.011cm
2
s
=D L v⋅
PL
:=
PL Values0:=Values
64.473
0.991

=Values Minerr pL r,( ):=
SSE pL r,( ) 0
Given
SSE pL r,( )
0
rows S( ) 1−
i
F pL r, Ti,( ) Si−( )2∑
=
:=
Curve Fitting using Sum of Square Error
F pL r, T,( ) 12  erfc
X
1
r

 T⋅−
4
1
r pL⋅

⋅
T⋅


exp pL( ) erfc
X
1
r

 T⋅+
4
1
r pL⋅

⋅
T⋅


⋅+


⋅:=
1-D Dimensionless Transport Solution with Type I Boundary Conditions
X 1.000=
pL
L v⋅
d
:=X x
L
:=
Dimensionless Parameters
r 1:=d 1 cm
2
s
:=
Initial Guesses
Notation
T Dimensionless Time (Pore Volumes)
S Dimensionless Salinity
X Dimensionless Space
pL Peclet Number
x Spatial Coordinate of interest
v Average Linear Column Velocity
L Length of Column
d Dispersion coefficient
r Retardation Factor
L 50.8cm:=
v 0.0137
cm
s
:=x 50.8cm:=
Known Parameters
S
1.858·10    -2
0.000
0.000
6.192·10    -3
9.598·10    -2
5.263·10    -1
7.740·10    -1
9.412·10    -1
9.474·10    -1
9.505·10    -1
=T
0.164
0.327
0.491
0.655
0.819
0.982
1.146
1.310
1.474
1.638
=
S data 5〈 〉:=T data( ) 2〈 〉:=
Trial 1 - Salinity
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Trial 1 - Salinity
Statistical Correlation
i 0 rows S( ) 1−..:=
F1i F PL RF, Ti,( ):=
SSE PL RF,( ) 0.037=
corr F1 S,( ) 0.999=
Rsquare corr F1 S,( )2:=
Rsquare 0.998=
0 1 2 3 4 5
0
0.2
0.4
0.6
0.8
1
Si
F PL RF, Ti,( )
Ti  
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RF 2.606=RF Minerr R( ):=
SSE R( ) 0
Given
SSE R( )
0
rows FC( ) 1−
i
F R Ti,( ) FCi−( )2∑
=
:=
Curve Fitting using Sum of Square Error
F R T,( ) 1
2

 erfc
X
1
R

 T⋅−
4
1
R pL⋅

⋅
T⋅


exp pL( ) erfc
X
1
R

 T⋅+
4
1
R pL⋅

⋅
T⋅


⋅+


⋅:=
1-D Dimensionless Transport Solution with Type I Boundary Conditions
pL 63.269=X 1.000=
pL
L v⋅
d
:=X x
L
:=
Dimensionless Parameters
R 1:=
Initial Guesses
Notation
T Dimensionless Time (Pore Volumes)
FC Dimensionless Fecal Coliform Conc.
X Dimensionless Space
pL Peclet Number
x Spatial Coordinate of interest
v Average Linear Column Velocity
L Length of Column
d Dispersion coefficient
R Retardation Factor
d 0.011
cm2
s
:=L 50.8cm:=
v 0.0137
cm
s
:=x 50.8cm:=
Known Parameters
FC
1.000 10 7−×
2.124 10 4−×
7.788 10 3−×
7.257 10 2−×
3.363 10 1−×
7.788 10 1−×
1.115
8.319 10 1−×


=T
0.491
0.982
1.474
1.965
2.456
2.947
3.930
4.912


=
FC data 9〈 〉:=T data( ) 8〈 〉:=
Trial 1 - Fecal Coliform Bacteria
 
 200
Trial 1 - Fecal Coliform Bacteria
Statistical Correlation
i 0 rows FC( ) 1−..:=
F1i F RF Ti,( ):=
SSE RF( ) 0.046=
corr F1 FC,( ) 0.984=
Rsquare corr F1 FC,( )2:=
Rsquare 0.968=
0 1 2 3 4 5
0
0.5
1
1.5
FCi
F RF Ti,( )
Ti  
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RF 1.340=RF Values1:=D 0.036cm
2
s
=D L v⋅
PL
:=
PL Values0:=Values
18.822
1.340

=Values Minerr pL r,( ):=
SSE pL r,( ) 0
Given
SSE pL r,( )
0
rows S( ) 1−
i
F pL r, Ti,( ) Si−( )2∑
=
:=
Curve Fitting using Sum of Square Error
F pL r, T,( ) 12  erfc
X
1
r

 T⋅−
4
1
r pL⋅

⋅
T⋅


exp pL( ) erfc
X
1
r

 T⋅+
4
1
r pL⋅

⋅
T⋅


⋅+


⋅:=
1-D Dimensionless Transport Solution with Type I Boundary Conditions
X 1.000=
pL
L v⋅
d
:=X x
L
:=
Dimensionless Parameters
r 1:=d 1 cm
2
s
:=
Initial Guesses
Notation
T Dimensionless Time (Pore Volumes)
S Dimensionless Salinity
X Dimensionless Space
pL Peclet Number
x Spatial Coordinate of interest
v Average Linear Column Velocity
L Length of Column
d Dispersion coefficient
r Retardation Factor
L 50.8cm:=
v 0.0133
cm
s
:=x 50.8cm:=
Known Parameters
S
0.000
0.000
0.000
0.000
8.000·10    -2
2.300·10    -1
3.200·10    -1
4.500·10    -1
6.300·10    -1
=T
0.159
0.318
0.477
0.636
0.794
0.953
1.112
1.271
1.430
=
S data 5〈 〉:=T data( ) 2〈 〉:=
Trial 2 - Salinity
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Trial 2 - Salinity
Statistical Correlation
i 0 rows S( ) 1−..:=
F1i F PL RF, Ti,( ):=
SSE PL RF,( ) 0.015=
corr F1 S,( ) 0.998=
Rsquare corr F1 S,( )2:=
Rsquare 0.997=
0 1 2 3 4 5
0
0.2
0.4
0.6
0.8
1
Si
F PL RF, Ti,( )
Ti  
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RF 3.561=RF Minerr R( ):=
SSE R( ) 0
Given
SSE R( )
0
rows FC( ) 1−
i
F R Ti,( ) FCi−( )2∑
=
:=
Curve Fitting using Sum of Square Error
F R T,( ) 1
2

 erfc
X
1
R

 T⋅−
4
1
R pL⋅

⋅
T⋅


exp pL( ) erfc
X
1
R

 T⋅+
4
1
R pL⋅

⋅
T⋅


⋅+


⋅:=
1-D Dimensionless Transport Solution with Type I Boundary Conditions
pL 18.768=X 1.000=
pL
L v⋅
d
:=X x
L
:=
Dimensionless Parameters
R 1:=
Initial Guesses
Notation
T Dimensionless Time (Pore Volumes)
FC Dimensionless Fecal Coliform Conc.
X Dimensionless Space
pL Peclet Number
x Spatial Coordinate of interest
v Average Linear Column Velocity
L Length of Column
d Dispersion coefficient
R Retardation Factor
d 0.036
cm2
s
:=L 50.8cm:=
v 0.0133
cm
s
:=x 50.8cm:=
Known Parameters
FC
0.000
0.000
5.854·10    -3
2.146·10    -2
8.780·10    -2
2.707·10    -1
3.756·10    -1
5.610·10    -1
8.537·10    -1
1.171
=T
0.477
0.953
1.430
1.907
2.383
2.860
3.337
3.813
4.290
4.767
=
FC data 9〈 〉:=T data( ) 8〈 〉:=
Trial 2 - Fecal Coliform Bacteria
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Trial 2 - Fecal Coliform Bacteria
Statistical Correlation
i 0 rows FC( ) 1−..:=
F1i F RF Ti,( ):=
SSE RF( ) 0.128=
corr F1 FC,( ) 0.967=
Rsquare corr F1 FC,( )2:=
Rsquare 0.936=
0 1 2 3 4 5
0
0.5
1
1.5
FCi
F RF Ti,( )
Ti  
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RF 0.991=RF Values1:=D 0.015cm
2
s
=D L v⋅
PL
:=
PL Values0:=Values
41.752
0.991

=Values Minerr pL r,( ):=
SSE pL r,( ) 0
Given
SSE pL r,( )
0
rows S( ) 1−
i
F pL r, Ti,( ) Si−( )2∑
=
:=
Curve Fitting using Sum of Square Error
F pL r, T,( ) 12  erfc
X
1
r

 T⋅−
4
1
r pL⋅

⋅
T⋅


exp pL( ) erfc
X
1
r

 T⋅+
4
1
r pL⋅

⋅
T⋅


⋅+


⋅:=
1-D Dimensionless Transport Solution with Type I Boundary Conditions
X 1.000=
pL
L v⋅
d
:=X x
L
:=
Dimensionless Parameters
r 1:=d 1 cm
2
s
:=
Initial Guesses
Notation
T Dimensionless Time (Pore Volumes)
S Dimensionless Salinity
X Dimensionless Space
pL Peclet Number
x Spatial Coordinate of interest
v Average Linear Column Velocity
L Length of Column
d Dispersion coefficient
r Retardation Factor
L 50.8cm:=
v 0.0123
cm
s
:=x 50.8cm:=
Known Parameters
S
0.000
0.000
0.000
0.000
0.000
3.297·10    -1
6.484·10    -1
7.949·10    -1
8.974·10    -1
9.451·10    -1
=T
0.146
0.292
0.439
0.585
0.731
0.877
1.023
1.170
1.316
1.462
=
S data 5〈 〉:=T data( ) 2〈 〉:=
Trial 3 - Salinity
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Trial 3 - Salinity
Statistical Correlation
i 0 rows S( ) 1−..:=
F1i F PL RF, Ti,( ):=
SSE PL RF,( ) 0.023=
corr F1 S,( ) 0.998=
Rsquare corr F1 S,( )2:=
Rsquare 0.996=
0 1 2 3 4 5
0
0.2
0.4
0.6
0.8
1
Si
F PL RF, Ti,( )
Ti  
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RF 3.061=RF Minerr R( ):=
SSE R( ) 0
Given
SSE R( )
0
rows FC( ) 1−
i
F R Ti,( ) FCi−( )2∑
=
:=
Curve Fitting using Sum of Square Error
F R T,( ) 1
2

 erfc
X
1
R

 T⋅−
4
1
R pL⋅

⋅
T⋅


exp pL( ) erfc
X
1
R

 T⋅+
4
1
R pL⋅

⋅
T⋅


⋅+


⋅:=
1-D Dimensionless Transport Solution with Type I Boundary Conditions
pL 41.656=X 1.000=
pL
L v⋅
d
:=X x
L
:=
Dimensionless Parameters
R 1:=
Initial Guesses
Notation
T Dimensionless Time (Pore Volumes)
FC Dimensionless Fecal Coliform Conc.
X Dimensionless Space
pL Peclet Number
x Spatial Coordinate of interest
v Average Linear Column Velocity
L Length of Column
d Dispersion coefficient
R Retardation Factor
d 0.015
cm2
s
:=L 50.8cm:=
v 0.0123
cm
s
:=x 50.8cm:=
Known Parameters
FC
0.000
0.000
0.000
4.040·10    -2
5.600·10    -2
3.320·10    -1
4.280·10    -1
7.640·10    -1
8.920·10    -1
1.264
=T
0.439
0.877
1.316
1.755
2.193
2.632
3.070
3.509
3.948
4.386
=
FC data 9〈 〉:=T data( ) 8〈 〉:=
Trial 3 - Fecal Coliform Bacteria
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Trial 3 - Fecal Coliform Bacteria
Statistical Correlation
i 0 rows FC( ) 1−..:=
F1i F RF Ti,( ):=
SSE RF( ) 0.115=
corr F1 FC,( ) 0.974=
Rsquare corr F1 FC,( )2:=
Rsquare 0.949=
0 1 2 3 4 5
0
0.5
1
1.5
FCi
F RF Ti,( )
Ti  
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